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A b st r a c t
Fusion welding processes commonly involve the localized input of intense heat, 
melting of dissimilar materials and the deposition of molten filler metal. The surrounding 
material undergoes complex thermo-mechanical cycles involving elastic and plastic 
deformation. This processing history creates large residual stress in and around the weld 
bead, which can be particularly detrimental in reducing the lifetime of fabricated 
structures, increasing their susceptibility to stress corrosion, fatigue and creep crack 
growth as well as reducing the fracture load. It is very important to have a proper 
knowledge of the residual stress distribution in and around the weld region of structured 
components because knowing this allows their fitness to be assessed and the service life 
of critical components to be predicted. Characterizing weld residual stress fields either by 
measurement or finite element simulation is not straightforward because of the strain field 
complexity, inhomogeneity o f the microstructure and the complex geometry of structural 
weldments.
The residual stress distribution in a slot weld benchmark sample made from AISI 
316L(N) austenitic stainless steel was analysed using the neutron diffraction at pulsed 
source. The presence of crevices and hydrogen containing super glue in the stress-free 
cuboids are some of the main issues effecting the neutron residual stress measurements. 
A residual stress of 400-45OMPa was observed in first pass weld metal and in the HAZ 
of a three pass welded plate.
The strain hardening behaviour of AISI 316L(N) steel around the slot weld was studied 
taking account of the asymmetric cyclic deformation and the typical strain rates 
experienced; inferences are drawn regarding how such effects Should be modelled in 
finite element weld residual stress computations. The solution annealed material was 
tested under symmetric and asymmetric cyclic loading at both room and 550°C. During
asymmetric cyclic loading, the 316L (N) material at room and high temperature was less 
strain hardened than in the same number of cycles of symmetric cyclic loading. At room 
temperature; the 316L (N) material deformed at fast strain rate showed higher strain 
hardening than at the slow strain rate. However, at high temperature (550°C); the 316L 
(N) material deformed at slow strain rate showed higher strain hardening than at the fast 
strain rate due to dynamic strain ageing. A mixed hardening model was to predict the 
strain hardening of the 316L (N) material at room and high temperature (550°C). 
However, the published mixed hardening parameters were unsuccessful in predicting the 
strain hardening o f the symmetric cyclic deformation at high temperature.
Finally, the accumulated cyclic plastic strain resulting from the addition of each weld 
bead was studied using Electron Backscatter Diffraction (EBSD) and hardness 
measurements. The EBSD metrics showed a gradual increase of plastic strain and 
equivalent yield stress from the parent zone (approximately 0.02) to the fusion boundary 
(approximately 0.05-0.09). Although, in strain controlled cyclic loading, none of the 
EBSD metrics used were capable of assessing the plastic strain, below 58% cumulative 
plastic strain path. The quantified plastic strain (from the EBSD) and hardness analysis 
of the parent material indicates that the material deformed plastically. The EBSD derived 
plastic strain and equivalent yield stress correlate well with hardness, finite element 
prediction and von Mises equivalent residual stress.
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C h a p t e r  1. In t r o d u c t io n
L I Background
Stainless steels are widely used in power generating plants, the pharmaceutical 
industry and transport due to their high corrosion resistance, long service life, toughness, 
strength and ability to operate at elevated temperatures '. Depending on the application 
and required material properties, different types of steels are used in nuclear power plants, 
as illustrated in Figure 1.1. The material of interest here is an austenitic stainless steel of 
type AISI 316L, used in the primary loop system of pressurized water reactors. Due to 
the complex architecture of a power plant, stainless steels are welded together with similar 
or dissimilar metals to form components and systems. Welding is a process used for both 
fabrication and repair of metal parts, where the parts are joined permanently by creating 
interatomic bonds into an almost homogeneous u n it2. Welding is a widely used joining 
process in many industrial sectors, due to its wide applicability and cost effectiveness .
However, welding processes and plastically deforming the structural components 
causes the development of residual stresses (as described in Chapter 2). The magnitude 
of these residual stresses can reach, or exceed, the yield stress of the material. These 
stresses can be detrimental in increasing susceptibility to stress corrosion, fatigue and 
creep degradation, thus potentially reducing the lifetime of a fabricated structure4. Thick 
section ferritic weldments are usually post-weld heat treated (PWHT), which relieves the 
residual stresses to some extent5, but austenitic stainless steel weldments are usually left 
in the as-welded state to avoid introducing any unwanted microstructural changes 
associated with heat treatment. Weld repairs, for example, in stainless steel structures of 
light water reactors are susceptible to stress corrosion cracking, and creep damage in high
temperature environments 6-10. Problems can also arise because the joining material has 
different material properties to the base material, such as grain size, chemical composition 
and mechanical properties. During plant operation a structural component is subjected to 
external stress. This additional stress is added to any existing residual stress within the 
component, increasing the incidence of degradation and potential failure of the part 
during service 11. The failure of critical structural components during service, such as a 
primary loop pipe malfunction in a pressurized water reactor, may lead to severe 
unacceptable environmental pollution. Accurate information on the distribution of 
residual stress in welded structural components allows industries to assess their fitness
19for service and judge the remaining safe lifetime
1.2 Puipose o f this study
The purpose of this research is to understand to what extent modem measurement 
techniques can be used to characterise and quantify the state of stress and strain in an 
austenitic stainless steel benchmark weldment. The measurement techniques used include 
time of flight neutron diffraction for residual stress, strain and texture; EBSD for 
quantifying plastic strain and yield stress and texture; hardness mapping for plastic strain 
hardening, and cyclic testing for determine the stress-strain response of material under 
weld thermal loading.
In order to assess the integrity of a component for safety critical applications 
assessment by numerical simulation is often needed. Where weld residual stresses play a 
critical role, experimental validation of weld residual stress predictions may be required. 
Characterising weld residual stress fields either by experimental measurement or by finite 
element simulation is not straightforward, owing to the complex nature of the stress and 
strain fields, the inhomogeneous microstructure and the complex geometry of structural
16
weldments. Different members of an international round robin consortium 13-15 have 
investigated the residual stress distributions in benchmark weld components using a 
variety of experimental methods and numerical simulations 16~2(l  Various numerical 
simulations are compared with each other and with diverse experimental data. The 
experimental and numerical results have shown substantial scatter, as evidenced in the
i / ' )1
work of Smith et al ’ . Estimation of a component’s fitness for sendee and lifetime, 
based upon significantly scattered data is undesirable because of the resultant uncertainty 
concerning the component’s reliability. In this thesis, the residual stress distribution in a 
three pass benchmark weld has been characterised in order to identify the issues affecting 
the reliability of residual stress measurements performed using neutron diffraction.
Material surrounding a deposited weld bead undergoes cyclic deformation at different 
strain ranges and strain rates depending on how far a section of material is from heat 
source. Finite element (FE) simulation is often used to model weld thermal cyclic loading 
and to predict the evolution of stress and strain in weldments. However, the accuracy of 
weld simulation predictions is reliant on the accuracy of the input material properties and 
the assumptions made for the simulation. For instance, the following points play a key 
role in the accurate prediction of weld residual stress and plastic strain.
1. Usually in FE weld simulation, the input material properties such as yield stress 
and rate of strain hardening are derived from uniaxial symmetric cyclic loading 
tests (tensile-compression)- However, in reality the material experiences 
asymmetric cyclic loading during welding.
2. The FE input material properties used are often derived from measurement 
made over a fixed strain range. However, the rate of strain hardening of 
austenitic stainless steel (316L), at different strain ranges, varies significantly.
17
3. Similarly, most of FE weld simulations previously reported do not consider the 
effect of strain rate on the strain hardening of material at both room and high 
temperature. However with increasing strain rate, the rate of strain hardening
9 6 —9 0of austenitic stainless steel material changes significantly
For this thesis, strain hardening resulting from symmetric cyclic deformation and 
asymmetric cyclic deformation of solution annealed AISI 316L parent material, at both 
room and high temperatures, was examined. The effect of strain range and strain rate on 
strain hardening, again for symmetric and asymmetric cyclic deformation was also 
examined.
During welding, regions of material in and around the vicinity of the weld bead 
experience different strain ranges and strain rates, depending on how far they are from 
the heat source. Due to differences in the temperature gradient, the material deform 
plastically to different extents across the thickness of weldment. The heat-affected zone 
(HAZ), near the fusion boundary, deforms the most due to its proximity to the weld torch. 
It is well known that heavily defonned austenitic stainless steel is more susceptible to 
stress corrosion cracking than undeformed material ’ . Information on the accumulated 
plastic strain around a weld is thus important when assessing a component’s fitness for 
service and its lifetime. Finite Element (FE) simulations are often used to predict the 
plastic strain in welded samples. However, validating the predicted plastic strain 
experimentally is challenging due to the limitation of experimental techniques available. 
Electron backscatter diffraction (EBSD) is an established technique increasingly being 
used for the quantification of plastic strain 32,33 in strained samples.
This thesis, investigates the possibility of using EBSD for the quantification of the 
accumulated plastic strain resulting from sequential weld bead deposits, through the 
thickness of a welded benchmark sample. The results are compared with hardness testing
and finite element predictions. In addition, this research explores the limitations of 
different EBSD misorientation metrics that can be used when quantifying the 
accumulated plastic strain due to symmetric and asymmetric cyclic deformation of 
solution annealed austenitic stainless steel AISI 316L.
1.3 Structure o f thesis
Chapter 2 reviews the background literature relevant to this thesis. The topics covered 
include; austenitic stainless steel (316L), weld thermal analysis, the effect o f weld 
parameters on microstructure, the relationship between the temperature distribution and 
the magnitude of residual stress, plastic deformation, dynamic strain ageing, cyclic 
deformation, residual stress, neutron diffraction methods for measuring residual stress 
and EBSD for assessing the accumulated plastic strain due to welding and strain 
controlled cyclic deformation.
Chapter 3 includes details of the specimens used for this research work, the benchmark 
sample design, the design of tensile and cyclic loading samples and details of heat 
treatment, grain size and texture. Also covered are the mechanical and physical properties 
of the material used for finite element simulations.
Chapter 4 provides details of the neutron diffraction experiments undertaken at two
*
facilities and the post processing of the collected data. The results, taken at different 
depths in the benchmark specimen, are examined with respect to their positions relative 
to the weld deposit. The neutron diffraction results are presented and compared.
Chapter 5 describes, with the choice of experimental parameters, the experimental 
setup for fixed strain range cyclic deformation test at both room and high temperature, 
and details of the finite element simulation models and their validation. The chapter
19
concludes by describing the effects of strain rate and the different cyclic deformation 
conditions on the strain hardening of the material.
Chapter 6 describes the different experimental setups for the tensile tests performed at 
room and high temperature, hardness tests, EBSD measurements and the EBSD strain 
and stress calibration from the tensile test data. Finally quantified EBSD strain and stress 
results are described and compared with hardness measurements and the finite element 
predictions. Similarly EBSD derived yield stress results are compared with von Mises 
equivalent yield stress.
Chapter 7 presents a general discussion of the investigations carried out and Chapter 
8 draws conclusions and provides suggestions for further work.
20
1.4 Figures
Figure 1.1 Different materials used in pressurized water reactor 6
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C h a p t e r  2. L it e r a t u r e  R e v ie w
This chapter is divided into two parts; part one gives basic information on AISI type 
316L austenitic stainless steel, tungsten inert gas welding and the temperature 
distributions plastic deformation mechanisms and residual stresses resulting from it. Part 
two, reviews the experimental techniques available for characterizing residual stress and 
plastic strain, and evaluates previous studies around welds in AISI type 316L steel. The 
chapter concludes with the unanswered research questions revealed by this literature 
review.
2.1 Introduction
In power plant applications, austenitic stainless steels are used because o f the stability 
o f their tough, ductile austenitic phase which exists between room temperature and the 
melting point, and because they are easily weldable. Tungsten Inert Gas (TIG) welding 
provides precise control o f heat input and can produce very clean and high quality welded
• • 3 3 4  • •joints ’ .F o r  this reason it is extensively used in the nuclear industries to join heat 
sensitive components, thin gauge metal and pipes 34. This research study investigated 
automatic tungsten inert gas welded plates o f AISI 3 16L(N) to analyse the residual stress 
and plastic strain due to welding. The desirable features of this austenitic stainless steel 
are, its resistance to corrosion, good creep resistance, ductility, formability and toughness
8 35’ . The chemical composition o f austenitic stainless steel 316L(N) is provided in Table 
2.1. As specified in the table, the chromium forms a thin passive layer o f chromium oxide 
on the surface of the steel to prevent corrosion and oxidation at elevated temperatures36 
and nickel prevents the formation of ferrite36.
Manganese prevents solidification cracking or sulphur embrittlement by forming the 
stable MnS phase 37. Silicon is added to de-oxidise the material during melting. 
Molybdenum is included for additional corrosion resistance, specifically to prevent 
pitting and crevice corrosion . The low carbon content prevents the formation of
O
carbides during welding and hence reduces inter-granular corrosion ’ .The stacking fault 
energy 39 is influenced by the alloying elements 40,41. The addition of nickel in austenitic 
stainless steel increases the stacking fault energy. Based on a particular nickel content, 
chromium, cobalt and manganese decrease the stacking fault energy. The stacking fault 
energy affects the motion of dislocations and activation of cross slip. As a result of this 
material gets more strain hardened during mechanical deformation as described in section 
2 .2 .
2.2 Welding: Thermal History and Microstructure Effects
TIG welding is a fusion welding process. Electric current is used to generate heat to 
produce an electric arc between a tungsten electrode and the workpiece, thus melting the 
edges of two components to be joined. The consumable filler wire, placed close to the tip 
of the electrode melts to fill the gaps during the welding process. Droplets of molten 
material form, and the filler and work-piece are mixed to create a weld pool, which 
solidifies and forms a bond between the two components3. The tungsten electrode is most 
commonly operated in the direct current electrode negative (DCEN) mode with the 
tungsten electrode connected to the negative terminal of a power supply. With this 
polarity approximately 60% of the power is concentrated at the work end of the arc, 
providing deep penetration and a narrow weld area. Previous research has found that 
during TIG welding, the temperature distribution from the heat source plays a significant 
role in the development of plastic deformation and residual stresses 34.
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2.2.1 Tem perature distribution o f a m oving heat source •
In 1940, Rosenthal published an analytical heat distribution model representing steady 
state autogenous welding 42. Whilst finite element based thermal analysis of welding is 
now commonplace, the Rosenthal model provides useful insights 43. The model assumes 
that a point heat source moves at uniform velocity, along the surface of a semi-infinite 
plate. It uses a rectangular coordinate system whose origin coincides with the heat source. 
Phase transformations and heat loss from the surface of the plate are ignored, and the 
thermal properties are taken as independent of temperature. The Rosenthal heat flow 
equation for the steady state temperature distribution is given as;
^(T^o)kr=  a p fV S liO ) 2.1
Q r  v 2a  J
Where T is the final temperature, To the initial temperature, k the thermal conductivity, 
Q the heat transferred from the heat source to the workpiece, v is the source velocity, a 
the thermal diffusivity, and r the radial distance from the origin. The temperature 
distribution, in a plane perpendicular to the heat source, is determined by the radial 
distance r from the centre of the heat source. The temperature distribution at any radius 
from the heat source can be calculated from equation 2.1. For example, Chen et al. 44 
have analysed numerically the effect of heat input, velocity of welding, thickness of the 
plate and distance from the heat source on a temperature vs time profile. Mahapatra et 
al.45 have analysed the effects of the welding parameters on temperature distributions 
using three-dimensional numerical analysis. Experimentally measured temperature 
distributions from the heat source, using an array of thermocouples, during the welding 
process have been found to produce similar results 46. In all analyses, the heating and 
cooling rates vary with the distance from the heat source. Most fusion welding processes 
involve deposition of molten filler material alongside the melting part of the work piece
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material close to the heat source. The volume in which the material has been heated up to 
its melting point during welding is called the fusion zone3. Material adjacent to the fusion 
zone.that has been metallurgically affected (in a away detectable metallographically) by 
weld thermal transients is known as the “heat affected zone” (HAZ). Beyond the HAZ is 
a “strain affected zone” (SAZ) that has undergone cyclic yielding 3, and compressive 
yield. Further away the elastic zone (where deformation could be accommodated without 
any plastic deformation). These zones are indicated in Figure 2.1 showing one of the 
stainless steel weldments studied in this thesis. The weld thermal cycles determine the 
metallurgical state of the material surrounding the heat source 45,47. The weld parameters 
and number of weld bead depositions will significantly affect the development of 
microstructure, the area of fusion boundaiy, grain size in HAZ and degree of plastic 
deformation 48-50.
Even though 3 16L materials are readily weldable due to their low carbon content, they 
commonly suffer from stress corrosion cracking (SCC) due to the welding process. The 
magnitude of the plastic strains in the welded material has a significant effect on the SCC
T1growth . The SCC can be minimized effectively by optimizing the weld parameters 
(travel speed, arc voltage etc.) and by using parent material as filler wire 51,S2. However, 
local plastic deformation remains in the material due to the localized heat input, and the 
non-uniform deformation arising from multi pass welding53. Numerous studies have been 
earned out to help predict plastic deformation and residual stress (refer section 2.5.2) in 
welds using finite elements models 17>19’46-54’55 However the magnitude and distribution 
of the plastic strain and residual stress depends on the weld parameters and sequence etc. 
Easterling 34 has qualitatively described the development of residual stress and plastic 
strain as a function of temperature, as shown in Figure 2.2. During welding, as the 
temperature increases, material close to the heat source initially expands, while the
material away from the heat source restrained from expansion due to lower temperature. 
As a result of this, compressive stresses are generated during heating as shown 
schematically in Figure 2.2 (i.e. 1 to 2). With further increase of temperature, the flow 
resistance of the material near heat source decreases and the material becomes softer. This 
results in the decline of the compressive stresses with increasing temperature and 
considerable plastic strain may occur, as seen in Figure 2.2 (i.e. 2 to 3 and 4). However, 
during cooling the material near the heat source contract, while the material away from 
the heat source restrain the contract, as result of this tensile stress and strain are generated 
with decreasing temperature as seen in Figure 2.2 (i.e. point 4-6).
Paradowska et al.56 analysed the effect of heat input on the residual stress distribution 
in low carbon steel repair weld, using the neutron diffraction technique. The highest 
stresses were noted in the middle of the weld bead. However, the work failed to show 
clearly the effect of the heat input on the residual stress distribution. Muransky et a l 57 
have numerically analysed the distribution of residual stress and plastic strain through the 
thickness of a weld repair plate during multi-pass welding. Both numerical and neutron 
diffraction analyses have exhibited peak longitudinal and transverse residual stresses in 
the HAZ of the austenitic stainless steel. Murugan et al. 58 analysed the effect of heat 
input, the geometry of the plate and the number of weld passes on the residual stress 
distribution, in two different butt weld materials. However, with an increasing number of 
weld deposits, the magnitude of the residual stress was found to decrease in the bottom 
of the weld plate (i.e. root weld), whilst on the top weld cap of the butt weld plate it 
increased. Jiang et al. 9 have analysed the effect of multiple weld repairs on 
microstructure, hardness and residual stress in clad plate. Neutron diffraction results in 
clad repair weld plate demonstrated a decrease in the residual stresses from the HAZ to 
the weld cap, and from the HAZ to the parent material. Similarly, hardness test results in
clad repair weld plate have shown higher hardness values at the interface between the 
weld metal and the base metal. Based on the residual stress, hardness test and 
microstructure of repair clad plate, Jiang et al., recommends that the clad plate should not 
be repaired more than 2 times.
Most of the numerical studies in austenitic stainless steel weldments 55’59~66 have not 
considered the influence of the dynamic strain ageing effect on plastic deformation. 
Before describing the effects of dynamic strain ageing, it is appropriate to review some 
basics of cyclic deformation, dynamic strain ageing and its mechanism as associated with 
welding.
2.3 Monotonic and Cyclic Deformation in 316L(N)- 
Mechanism and Effects
The plastic deformation of 316L (N) can be described with the help of Figure 2.3. 
When the applied stress exceeds the yield stress, the deformation stop being elastic and 
the material is permanently deformed, this is known as plastic deformation.
2.3.1 Mechanism o f plastic deformation
When a metal is stressed above its yield point, energy is consumed in generating or 
moving dislocations. During deformation, the motion of dislocations allows some parts 
of the crystal to slide across another part of the. structure as shown in Figure 2.4. The 
planes on which sliding occurs are called slip planes. Slip displacement usually occurs 
along the close packed planes, where the energy required for dislocation motion is 
minimized. The direction in which the slip occurs is called slip direction. In f.c.c 
structures, slip normally occurs on planes of the type {111} and where the principal slip
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direction is along <110>. The combination of slip plane and slip direction is called a slip 
system .,.. : v . .  v  -
The plastic deformation of each material varies depending on its crystal structure. The 
crystal structure o f austenitic stainless steels is a face-centred cubic (fee), a highly 
symmetric structure, with 12 equivalent slip systems. This means that austenitic stainless 
steel deforms more easily than other crystal structures, such as body-centred cubic (bcc) 
crystal with fewer possible slip systems. The shear stress (refer Figure 2.5) required to 
move a dislocation is given b y 67
Fx =  -  coscb. cosA 2.2
A
Where the area of the slip plane is A/cos and the force acting in the slip plane in the 
slip direction is Fcos X. The resolved shear stress is at maximum when both X and O are 
at 45°, and tend to become zero when either X or 0  are at 90°.
If the angle between slip direction and direction of applied load (i.e. A) is less than 45°, 
as the deformation of the material begins, X decreases. Hence, according to equation 2.2, 
the resolved stress decreases as well. In order to deform the material plastically, the force 
needed to be increased and maintained, so that the shear stress is always higher than 
critical shear stress for continued plastic deformation. This phenomenon is known as 
geometrical hardening 39. During plastic deformation, the increasing number of defects 
in the material will impede the flow of dislocations. As a result, additional stress is 
necessary for the continuation of plastic deformation. This phenomenon is called work 
hardening or strain hardening.
2.3.2 W ork hardening
As deformation of the material proceeds, the material gets harder and stronger. At one 
point the material reaches a state where further deformation of material leads to failure.
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At this stage the tensile strength and hardness of the material are at their maxima. The 
material’s degree of work hardening depends 011 the density of defects, such as vacancies, 
interstitials or dislocations (edge, screw or mixed) and on the stacking fault energy . 
The work of Frank-Reed39 and Orowan68 on dislocation loop mechanisms has explained 
the work hardening of material due to interactions between dislocation and defects. 
Haojie et al. 69 have analysed numerically the work hardening of material due to 
interaction between screw dislocations and different stacking faults. An excellent review 
on the stages of strain hardening in monotonic deformation has been given by Kock et al 
70. Both Cottrell71 and H irth72 have demonstrated the formation of immobile dislocations 
due to the interaction of dislocations on the primary slip plane, with ones on the conjugate 
slip plane.
There are two basic types of dislocation movement that take place; conservative 
movement (i.e. glide) 01* non-conservative movement (i.e. climb). In non-conservative 
movements, activated at high temperature, dislocations move out of their slip plane. At 
low temperature, the plastic deformation of material mainly occurs by conservative 
motions. At elevated temperatures, the mobility of the dislocation is high and dislocations 
can take a new slip plane by cross slip.
Depending on a dislocation’s sign and direction, another dislocation moving on the 
same slip will annihilate, repel it or form a sessile dislocation 39,73. Sessile dislocations 
act as strong obstacles for moving dislocations. If the interacting dislocations move on 
different slip systems, after interaction they will develop jogs or kinks 39. A jog is a sharp 
break in the dislocation line moving it out of slip plane, whilst a kink is a sharp break in
IQ
the dislocation line which remains in the same slip plane . Jogs are also formed by the 
intersection of two screw dislocations, and play an important role in plastic deformation.
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Jogs in screw dislocations can only move, by slip, along the dislocation’s line and the 
only way a screw dislocation can move to a new slip plane, along with a jog, is by climb.
The presence of edge dislocations in a crystal induces compressive stress around an 
extra half plane of atoms, and tensile stress below the extra half plane, as shown in Figure 
2.6. Similarly, shear stresses are induced around screw dislocations. The presence of 
stress around dislocations will attract defects such as interstitial or substitutional solute 
atoms, and redistribute them to lower the energy around the dislocations. As a result, an 
atmosphere builds up around the dislocation, which is known as the Cottrell atmosphere 
67,74. Once an atmosphere has formed, the'dislocation can only move by breaking free 
from the atmosphere or by dragging the atmosphere along with it. In both cases, the metal 
becomes work hardened due to the restriction of dislocation movement. As a result of this 
discontinuous motion of dislocations, stress-strain curves at high temperature show 
serrated flow. This phenomenon is called dynamic strain ageing 75.
2.3.3 Dynamic strain ageing (DSA)
DSA occurs due to interactions between moving dislocations and solute atoms, either
n c  nc.
interstitial or substitutional ’ , when solute atoms gain enough velocity to keep up with 
the moving dislocations and form a Cottrell atmosphere. DSA increases the material’s 
work hardening rate and the ultimate tensile strength, whilst reducing its ductility11. One 
important effect of DSA is negative strain rate sensitivity. The most important variables 
affecting DSA are the temperature and strain rate 78.In the DSA regime, if, during sample 
deformation at a given temperature and strain rate, the flow stress decreases with 
increasing strain rate, this is called negative strain rate sensitivity.
Solute drag, lattice friction and the concentration of the diffusing solutes, all contribute 
to DSA, as illustrated by Figure 2.7 re-constructed from the work of Blanc and Strudel
in
79. As seen in Figure 2.7, with increasing dislocation velocity, the lattice solute drag force 
increases friction (see curves 1 and 2), while the effect of dislocation velocity on the 
nearby concentration of the diffusing solutes is in the opposite direction (see curve 3). 
The overall result of the contributions of curves 1, 2 and 3, is curve 4. At dislocation 
velocities below Vm, the dislocation is in the drag zone. In this regime, the velocities of 
the dislocation and diffusing solute are approximately equal and form a Cottrell 
atmosphere around the dislocations. With increasing dislocation velocity, a critical force, 
Fm, is achieved and the dislocation enters the instability zone, where it accelerates enough 
to break away from the solute atmospheres. With further increases in dislocation velocity, 
to V3, the lattice friction forces and dislocation interactions become dominant, and the 
friction regime begins. This results in a decrease of the dislocation velocity of Vm and an 
unstable zone is reached. Consequently, the dislocations re-enter the drag regime at Vj, 
This cycle of drag, instability and friction velocity causes the stress-strain curve to be 
serrated. Depending on the temperature, the carbon, nitrogen or chromium atoms may be 
responsible for DSA 80,81.
The formation of Cottrell atmosphere requires long-distance diffusion of solute atoms 
and therefore occurs only at high temperatures or after long term annealing. Before 
Cottrell atmospheres form, the solute atoms can reduce their energy by merely changing 
their position within the unit cell. However, the positions of the solute atoms change only 
when the unit cell is distorted. Ordering of solute atoms, arising from their occupying
O')
preferred positions along certain directions, is called the Snoek order ". As a result of 
Snoek order, an ordered atmosphere (called a Snoek atmosphere) may develop around 
the dislocation before the formation of the Cottrell atmosphere. The formation of a Snoek 
atmosphere around a dislocation, impedes its motion, and in order to move the 
dislocation, a higher yield stress is required ’ .
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In addition to Snoek ordering, the Suzuki effect also contributes to the serration of 
flow stress. A perfect dislocation in a closed packed structure can split into two partial 
dislocations, with an enclosed ribbon of stacking fault. As a result, the energy of the 
dislocation decreases and a stacking fault is formed 82. As described earlier (section 2.1), 
alloying elements can decrease the energy of stacking faults in austenitic stainless steel 
40,41. In this case, the local chemical potential difference between a faulted region (for 
example, between partial dislocations) and the surrounding fee matrix will provide a 
driving force for preferential segregation of solute atoms to stacking faults. This Suzuki 
segregation, resulting from the concentration dependence of the stacking fault energy, 
lowers the stacking fault energy, causing the fault to become wider and reducing the 
energy of the crystal.. An additional stress is then required to break the dislocation away 
from its Suzuki atmosphere, which leads to a yield drop.
The mechanism of DSA has also been explained by an alternative theory. In the DSA 
zone the solute atoms restrain the motion of the dislocations. In order to maintain the 
strain rate, additional dislocations are generated 85. As a result the material gets more 
work hardened.
2.3.4 Cyclic loading
When a material is subjected to defined number of repetitive tension to compression 
or compression to tensile cycles, it is called cyclic loading. During cyclic deformation, 
the dislocation density has been found to increase during the initial forward deformation 
and decrease during the initial reverse deformation 73, due to the interaction and 
annihilation of dislocations. Nevertheless, further reverse deformation leads to an 
increase in dislocation density. A reduction of the yield stress of pre-strained material on 
reverse loading, is known as the Bauschinger effect . With further cycles of deformation,
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the dislocation density frequency increases, resulting in a cyclic hardening response. 
However, a material’s hardness during cyclic deformation depends strongly on the 
orientation of its grains, the stacking fault energy, any short range order and the active 
slip ‘modes’ 87.
The relationship between slip mode and the type o f dislocation structure (e.g. tangles, 
persistent slip bands, cell etc.) formed during the cyclic deformation was first explained
o o  OQ
by Feltner and Laird ’ . Wavy slip mode implies that cross slip can occur easily and 
that the cyclic stress-strain behaviour is history independent. In the planar slip mode, 
cross slip is difficult and the material cyclic behaviour is history dependent90’91.
Austenitic stainless steel 316L has a low stacking fault energy92, so partial dislocations 
are widely spaced. Wide stacking faults between partials impede the motion of 
dislocations and reduce the activation of cross slip. Slip on secondary slip planes is also 
inhibited in the early stages of deformation. As the deformation proceeds and the. density 
of dislocations increases, activation of the secondary slip increases the interaction of 
dislocation with defects, and leads to the formation of sessile dislocation and jogs. These 
sessile dislocations will restrict further dislocation motion and assist the formation of 
dislocation tangles. At one point cyclic hardening and cyclic softening occur
no QQ
simultaneously ' ’ . Hardening is due to the formation of hard structures within the 
crystal pattern, such as dislocation walls, whilst the softening is due to activation of cross 
slip, the fonnation of channels (low dislocation density), and depending on the strain 
amplitude, activation of persistent slip bands 27’94~". After many cycles, the effects of 
active persistent slip bands and the formation o f channels may surpass the hardening 
effect, leading to cyclic softening and the formation of a stable cellular structure of 
dislocations.
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The DSA temperature range for austenitic stainless steel 316L is reported to be 
between 300°C-650°C 78,100,101. Ivanchenko’s 102 thesis has analysed the dynamic strain 
ageing effect on the work hardening of tensile deformed austenitic stainless steels andNi- 
base alloys. The DSA for the austenitic stainless steel AISI 316 and Ni base alloys 600 
and 690 materials was observed in the temperature range of 200°C-650°C at strain rate 
from 10'6 to 10‘3 per second. With increasing nitrogen content, the amplitude of the flow 
stress pulses decreases. This is due to nitrogen atoms accumulation on dislocations or due 
to formation of multiple Luders bands structures. At 400°C long-range planarity 
dislocation microstructure; at 288°C short range planarity dislocation microstructure and 
at 200°C cellular dislocation microstructure was observed in 316NG austenitic stainless 
steel. Calmunger’s 103 thesis has analysed the effects of DSA on the mechanical properties 
and microstructural development in austenitic alloys. At elevated temperatures the 
ductility of austenitic alloys increased at slow strain rate in comparison to the austenitic 
alloys deformed at higher strain rate. However, in aged austenitic alloys, the ductility of 
materials decreased at slow strain rate due to formation of precipitates in the grain 
boundaries. During plastic deformation, the stresses are concentrated around precipitates, 
as result o f this intergranular fracture develops. Pham 101 has analysed the effects of DSA 
on the cyclic deformation response and dislocation microstructure. The DSA becomes 
less active during the first two cyclic response stage (i.e. hardening and softening stage). 
This is due to different short range interactions between dislocations and solute atoms. 
However, the serration becomes more significant after the cyclic softening phase (i.e. 
secondary cyclic hardening). Pham have shown the serration length is greater for reverse 
loading transients from tensile peak stress than for during reverse loading transients from 
compressive peak stress. This is due to vacancy mobility is promoted during reverse 
loading transients from compressive peak stress and suppressed during reverse loading
transient from tensile peak stress. In DSA regime, the presence of vacancy in crystal 
structure significantly effects the strain hardening-of the material. Gerland et a /.104,105 
have shown the effect of DSA on the dislocation structure and the fatigue behaviour of 
316L at temperatures between 20°C and 600°C. Gerland’s study showed a new 
dislocation structure called corduroy structure, which are formed in vacuum cyclic 
deformation of 316L material. The corduroy structure is responsible for secondary strain 
hardening of 316L material at temperature range 200-500°C. The corduroy structure is 
composed of alternative black (dislocations loops, debris and cavities) and white bands 
(channels). At 400°C, the formation of corduroy structure is high. The DSA of this 
material is due the interaction of corduroy structure and planar slip with solute atoms (G 
and N solute atoms). Similarly, Hong et al 78’,0°’106 have analysed the effect of DSA on 
slip mode initiation and propagation of multiple cracks, the mechanism of DSA with 
respect to temperature and strain rate. Hong’s studies showed, austenitic stainless steel 
AISI 316L material experience DSA only at specific temperature range and strain rates,
i.e. between 250°C -550°C at a strain rate o f 1 O'4 per second; between 250°C -600°C at 
strain rate of 10'3 per second and between 250°C -650°C at strain rate of 10'2 per second. 
In DSA regime, the material gets more strain hardening due to the change in mechanism 
of plastic deformation, i.e. switching from wavy slip to planar slip mode. The fatigue 
resistance of austenitic stainless steels AISI 316L was reduced in the regime of DSA. 
Srinivasan et a l107 have studied the effect of DSA on the cyclic stress response and fatigue 
life of solution annealed and prior cold worked 316L(N) samples. The solution annealed 
austenitic stainless steel AISI 316L(N) exhibited DSA at 873K. At slow strain rate, 
Srinivasan noticed post cold worked austenitic stainless steel exhibited higher fatigue 
endurance as compared to solution annealed material. At temperature range 673-873K, 
the fatigue life of the solution annealed material was decreased. This is due to, in DSA
regime, higher stress concentration taking place at dislocation pile-up. Which would 
account for increased crack growth rates and hence reduction in the fatigue life. Samuel 
80 has reviewed sample ageing effects on the appearance and disappearance of DSA, at 
temperatures between 300°C and 650°C due to carbide formation. At low temperature 
region i.e. 250°C-350°C, the diffusion of interstitial solute to dislocation is main 
responsible for activation of DSA in 316 material, while at high temperature range i.e. 
400°C-650°C, the substitutional solutes like Cr is responsible for activation of DSA in 
3 16L material. The serrations are most distinct in aged material at 650°C. However at one 
point the serrated flow suddenly ends in aged material at 650°C due to formation of 
precipitation and resulting decrease of solute concentration by ageing.
The cyclic hardening and softening of a material at different temperatures can be 
analysed numerically at the macro-scale using an appropriate elastic-plastic constitutive 
material model. A material’s response to cyclic deformation can be described by a 
hardening ‘rule’ which describes the behaviour and development of the yield surface. 
Depending on the type of rule, the model will determine how the yield point changes with 
the accumulation of plastic strain; this is illustrated in Figure 2.8. The types of rules 
include isotropic hardening, kinematic hardening, mixed hardening and distortional 
hardening 108.
2.3.5 FE Elastic plastic constitutive material models
In finite element modelling, isotropic, kinematic and mixed hardening models are 
known as single surface models. These simple models only consider the change of the 
yield surface, resulting from plastic strain accumulation. The loading surface defines the 
boundary of the current elastic region, as seen in Figure 2.8(a). As the stress point moves 
beyond the boundary of the elastic region, plastic strains are produced on the current 
loading surface, changing its original configuration (as defined by the hardening rule).
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An isotropic hardening model defines the change in size of the yield surface. This 
model has been widely used in the literature to represent the cyclic stress-strain behaviour 
of materials 108. When a uniaxial test specimen is subjected to tensile deformation beyond 
the yield stress, as shown in Figure 2.8(a), plastic strain is introduced in the material. The 
maximum stress achieved during tensile deformation determines a new yield limit that is 
mirrored in compression loading. If the stress is further increased in compression, 
additional yielding and material hardening will occur, and this further increases the yield 
strength. Similar behaviour will occur in the next application of tension. An isotropic 
hardening model is usually assumed for cases where the load is monotonically increased. 
However, this model does not account for the Bauschinger effect and therefore does not 
represent cyclic loading very w e ll108.
The isotropic hardening component defines the variation in cyclic stress hardening, 
which in turn gives the yield surface size,a 0, as a function of the equivalent plastic strain 
£~pl. It is derived by 108
er° =  o  i0+  'Qm ( l  -  e~b£~pl>)  2.3
Where cr :0 is the size of the yield stress at zero equivalent plastic strain, obtained from 
the first cycle (refer Figure 2.8 (c)). Q*. is the maximum change in the size of the yield 
surface, which can be calculated as the difference between the asymptotic material 
response and cr i0 (refer Figure 2.8 (c)). b is the rate at which the size of the yield surface 
changes as the material plastically deforms. The size of the yield surface in the ith cycle, cr/3 
can be evaluated from 108
Where of is the peak tensile stress in the plastic range and o f is the minimum 
compressive stress in the elastic range as in Figure 2.8 (a).
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Similarly, the equivalent plastic strain of the ith cycle can be obtained using the following 
equation 108
£~vi =  ± ( 4 i - 3 ) A £ - pi 2.5
Where Ae‘pl is the plastic strain range of cyclic deformation and the ith cycle. From Q<x,
o  !0 and data pair o f, £ pl the rate at which the size of the yield surface changes b can be
A kinematic hardening model deals with translation of the yield surface in stress space; 
see Figure 2.8(b). In this model, the equivalent stress defining the yield surface, o ; , 
remains constant and equal to the equivalent stress, Go, which defined the yield surface 
at zero plastic strain, as seen in Figure 2.8(b). Therefore, when a test specimen is uni- 
axially loaded beyond the yield limit and unloaded into compression, the new 
compression yield limit is smaller in magnitude than the yield point in tension. In the 
kinematic hardening model, the elastic range is fixed at twice the initial yield stress value, 
and never increases.
i no
The kinematic hardening law is given by
Where Q  is the initial kinematic hardening modulus and a  is the deviatoric part of the 
kinematic hardening tensor a, which is also known as the back stress tensor. Both 
parameters Cj can be evaluated from stabilized cyclic test data, as shown in Figure 2.8
evaluated thus 108
2.6
a = YjiCi — ((r — a)e  pl 2.700
(b), o is stress tensor, a 0 is the equivalent stress defining the size of the yield surface and
£ pl the equivalent plastic strain rate.
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A mixed hardening model can represent both the size changes of the yield surface and
is widely used, where the evolution of the yield surface is formulated by combining two 
components; the isotropic hardening component and a non-linear kinematic hardening 
component. Its implementation in the ABAQUS finite element code can be found in the 
user manual 110
The mixed hardening model describes the translation of the yield surface in the stress 
space using the back stress cr, which is expressed as 24,108
Where Ci are the initial kinematic hardening moduli and yi determine the rate at which 
the kinematic hardening moduli decrease with increasing plastic deformation. Ci and yi 
are material parameters which are calibrated from monotonic or cyclic test data and i pl 
is equivalent plastic strain or plastic path length, a  is the stress tensor,o° is the equivalent
Where a s is the stabilized size of the yield surface. Using data pair cij and s~pl calculated 
from equations 2.9 and 2.10, the non-liner kinematic hardening parameters are defined 
using equation 2.8.
A mixed hardening model has been used widely to simulate the cyclic hardening in 
weld simulations due to its accuracy in reproducing cyclic strain-controlled tests, thermo­
its translation through the stress-strain space. A Lamaitre-Chaboche hardening model 109
2.8
stress defining the size of the yield surface. The data pair a\ and £* pl can be calculated
from the following equations 108
2.9
cr,- =  Ci (01+02)
2
2.10
_  ay+a2 2.11
mechanical fatigue and in predicting residual stress 21 ,?4,57,111. in this research study, this 
mixed hardening model was used for predicting cyclic stress-strain curves. Further detail 
on previous work using this model to predict cyclic deformation is discussed in section 
2.5.3.
2.4 Residual Stresses Measurements Around Welds in 
3 1 6 L ( N )
Residual stresses are the stresses which remain in a material in the absence of any 
external force. Figure 2.9 shows various processes that can generate residual stresses at
7 112the macroscopic and microscopic levels ’ . In multi-pass welding, the residual stress
distribution is affected by different aspects of the welding process, such as the number o f 
passes, the heat generated during welding, the depth and the width of the weld bead 
56,i 13, 114 j ^ q  presence of tensile residual stresses at a welded joint can reduce the lifetime 
of the material by increasing its susceptibility to stress corrosion cracking, fatigue and 
creep growth 4. Macro stresses are classified as type Iresidual stress, they are introduced 
by fabrication processes such as welding or machining. They self-equilibrate over the 
length scale of the specimen and they can be described by continuum mechanics1. Type 
II residual stresses are inter-granular stresses and typically self-equilibrate between grains 
or phases. Type III residual stresses are intra-granular stresses that self-equilibrate over a 
few interatomic distances, and are associated with point defects and dislocations. This 
thesis is concerned with the type I residual stresses, introduced by welding.
There are a wide range of mechanical and physical techniques developed to measure 
residual strains or stresses in components and structures 112’115' 117. The strain sensitivity 
and the spatial resolution of the various strain analysis techniques are represented in
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Figure 2.10. Residual stress measurement techniques are broadly classified into two 
categories: destructive and non-destructive. Destructive methods include hole drilling; 
the slitting method, the contour method, FIB milling etc., and the non-destructive 
methods includes X-ray diffraction, neutron diffraction, ultrasonic, Raman spectroscopy 
etc. In this research study, type 1 residual stresses developed due to the welding process 
were measured using neutron diffraction. The reasons for choosing neutron diffraction 
were:
1. The test specimen could not be destroyed as it is part of an international round 
robin, the NeT project (section 2.5.2).
2. Neutrons have sufficient penetration to measure strains and stresses to the depth 
required.
3. The wavelength of the neutrons is of the order of the inter-planar spacing. As a 
result of this, a diffraction angle (20) close to 90° enables the user to use a square 
geometry gauge volume. This allowed measurement in three orthogonal 
directions (unlike synchrotron diffraction).
2.4.1 Principle o f  neutron measurements o f  residual stress:
The crystalline lattice of the material acts as an atomic strain gauge. The spacing, W’, 
between atoms in the crystalline lattice varies depending on the applied stress, as shown 
in Figure 2.11. The increase or decrease of lattice spacing can be determined from the 
angular shift (A20) in the diffracted neutron beam, as defined by Bragg’s law;
A =  2 dsinO 2.12
Where, /  is the wavelength of incident beam, 0 is the angle of diffracted beam as shown 
in Figure 2.11, and d  is the inter-planar spacing of the measured direction defined by the 
Q-vector. The d  spacing for a particular lattice reflection can be determined if the
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wavelength of the incident beam and the angular position of the diffracted peak are known 
112,118,119. Two types of neutron source (continuous and spallation) are available for
117residual stress measurement . The main differences between spallation and reactor 
sources are summarized in Table 2.2. In this study, spallation neutron diffraction was 
used to measure strain in three-pass welded austenitic stainless steel.
2.4.2 Neutron diffraction instruments
The ENGIN-X diffractometer at the ISIS spallation source (Oxford, UK) and the 
VULCAN diffractometer at the Spallation Neutron Source (SNS), Oakridge, USA were 
used in the present research. At these facilities accelerated ‘bunches’ of high-energy 
protons from a synchrotron ring collide with a heavy atomic target to generate neutrons 
in sharp pulses. The neutrons pass through a moderator to achieve thermal equilibrium 
and are guided to the experimental instruments. The layouts of the ENGIN-X instrument 
at ISIS and VULCAN instrument at SNS are shown in Figure 2.12. The detectors on each 
instrument are fixed at 90° to the incident neutron beam. The sample is placed with the 
scattering vector (Q-vector) bisecting the incident and diffracted neutron beams. The 
main advantages of a spallation neutron source over a reactor source are:
1. A single pulse of neutrons generated in a spallation process has higher neutron 
intensity.
2. A ‘white’ beam with different neutron wavelengths enables various families of 
lattice reflections to be measured simultaneously.
The velocity (v) of a neutron is defined by
v =  L / t  2.13
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Where L is the total flight path (from the moderator to the detector) and / is time of 
flight (TOP). However, according to de-Broglie wave theory, the wavelength is 
inversely proportional to the velocity.
X — h /m v  ' 2.14
Where m is mass of neutron, h is is Planck’s constant, combining equation 2.14 and 
equation 2.13 gives
X =  (h t) /m L  2.15 
Substituting equation, 2.15 into the Bragg equation 2.12 gives the TOF in 
microseconds.
t = m L 2 d sin 6 /h  2.16
Therefore, at a constant diffraction angle 0, the variable d  is directly proportional to 
the variable t 120. Hence, the most energetic neutrons arrive at the specimen first and the 
least energetic neutrons reach it last. In a spallation source the intensity of peaks is plotted 
as a function of time of flight (TOF) as shown in Figure 2.13. To conclude, in a spallation 
source the values of two variables in the Bragg equation are already known; the angle 
(6=90°) and the wavelength (/); therefore the third unknown variable, td \  can be 
measured. Further details about the ENGIN-X and VULCAN instruments are available
1 2 1 - P 7in published literature
2.5 Evaluation of Residual Elastic Strain and Stress Using 
Neutron Diffraction
When a crystalline material is loaded, its inter-atomic spacing will change, depending 
on the applied load. The difference in the inter-atomic spacing can be measured using
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neutron diffraction. To measure the strain, the d  spacing in both strain free material and 
strained material is required, then the elastic strain can be calculated as; 63,64,73 . :
£ =  ((d  — d 0) ) / d 0 2.17 
Where do is the unstrained lattice parameter and d  is strained lattice parameter. By 
calculating the strain values for each direction using equation 2.17, stress, a, can be
129determined using the following equation ;
<7** =  I W ( ( 1  + v) * (1 -  2u))} * {(1 -  v) £xx -  v (£ yy -  8ZZ }] 2.18
Where, axv is stress in the ^-direction of the sample (say along the weld), E  is the 
Young’s modulus of the bulk material and v is Poisson’s ratio.
2.5.1 Issues affecting strain/stress measurement using neutron diffraction 
In this section, important issues affecting the reliability of strain measurement using 
neutron diffraction are described.
Stress free lattice parameter (an): from equation 2.17 it is clear that the unstrained 
lattice parameter, ao also known as the stress-free lattice parameter, plays a key role in
n o  i -jrv i TO
evaluating residual strain ’ . Small variations introduced by differences in
chemical composition, inter-granular strains and thermal history can lead to large 
uncertainties in ao due to variations in intensity and/or peak broadening 10,108. In welded 
samples, the non-uniform thermo-mechanical history introduces variations in grain size, 
texture and degree of plastic deformation, which can shift the diffracted peaks. Due to 
non-homogeneity in the sample, a number of stress free reference values are required to
1 1 A
properly interpret the measured strain . A lot of underpinning research work was 
performed in establishing the standards for residual stress measurement using neutron 
diffraction 118’135. The recommendations for selecting and determining the stress-free 
lattice parameters are available in the literature 135,136.
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Many practitioners have used combs, matchsticks, or cylindrical pins and cubes, or 
cuboids for stress free lattice parameter measurements 137~140. However, in extracting a 
‘stress free’ sample, the relaxation of macroscopic stress significantly affects the inter- 
granular stress state 140. Another effect has been noted in combs, where the comb teeth 
have been reported to retain macro stress141. For weldments, the gradual changes in the 
stress free lattice spacing resulting from the non-uniform thermal history, and the 
associated variation in microstructure, necessitates the extraction of stress-free samples 
from many different locations across a weldm entlj0.
Gauge Volume effect: The spatial resolution of neutron diffraction measurements 
depends on the gauge volume chosen 142~146. The geometrical dimension of the gauge 
volume depends upon the incident neutron beam and collimator dimensions. As described 
earlier, the nominal gauge volume for both the ENGIN-X and VULCAN diffractometers 
is a perfect cuboid 117. The centroid is defined by the intersection of the incident and the 
diffracted neutron beams. However, in reality, the neutron beam is divergent, which 
changes the shape and size of the true gauge volume 147,148. This is known as the 
instrumental gauge volume, as shown in Figure 2.14. The centroid of the instrumental 
gauge volume is the intensity-weighted centre of this volume. The instrumental gauge 
volume and the nominal gauge volume are properties o f the diffractometer itself.
The sampling gauge volume is the volume from which measurements are obtained, 
and it is part of instrumental gauge volume 149’150. The sampling gauge volume is strongly 
affected by its geometrical location within the sample, as well as by material 
characteristics such as texture, cold work, neutron beam absorption etc. 129’142’150’151. The 
centroids of the instrumental gauge volume and sampling gauge volume are identical 
when completely immersed in a non-neutron absorbing material. However, the sampling 
gauge volume is affected by partial filling of the instrument gauge volume, attenuation of
neutrons within the sample and the wavelength distribution across the incident beam 
145,15'-153. The centroid of the sampling gauge volume is the weighted centre of the gauge 
volume after accounting for these effects 15°. -
The nominal gauge volume can most closely be achieved by positioning the slit close 
to the sample, minimizing the divergence of the neutron beam. However, partial gauge 
volume immersion, as shown in Figure 2.15, introduces a systematic shift in the diffracted 
peak, known as a pseudo strain. In TOF, the pseudo strain can be given by 150
S t  Sd  . SlsinQ  ' ^
— =  — +  - — -  2.19
t  d Isind
Where t is time of flight, 0 is the diffraction angle and / is the total distance travelled 
by neutrons from the moderator to the detector. From equation 2.9, it is clear that the shift 
in a peak is due to the contribution of lattice strain and the variation oi'IsinO ’. The term 
‘IsinO’ in equation 2.19 represents a weighted average of ‘IsinO ’ over the whole gauge 
volume. Pseudo strain also occur when analysing strain in highly absorbing material (such 
as boron or hydrogen).
Creek et al. 154 investigated the effect of pseudo strain on measurement by pulsed 
neutron sources but did not consider the effect of the incident beam divergence. Creek 
modelling showed incomplete filling of the gauge volume will generate pseudo strain of 
lOOOps in comparison to the resolution of instruments used to measure such strain (50 
pe). Suzuki et a l .142 have proposed a new analytical model, which can be used to simulate 
different effects of pseudo-strains. Using spallation source, Suzuki investigated the effect 
of neutron attenuation, surface effects and a strain distribution on pseudo strains 
generation. In completed filled gauge volume, the pseudo strains are developed due to 
change in neutron-weighted center of gravity (ncog) position and it increased with an 
increase in the size of the gauge volume. Typical pseudo strain distributions due to the
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surface effect were noticed through the surface strain measurement regardless of gauge 
size. Pseudo strains developed due to neutron attenuation and/or the surface-effect 
exhibited a wavelength dependence associated with a wavelength dependence of the 
neutron divergence in the super mirror guide tube. Wang et a l 151’155 have analysed the 
issues contributing to the pseudo strain: variation of the wavelength across the incident 
beam, an asymmetric clipping of the diffracted peak profile and lateral displacement of 
the gauge volume relative to the detector. In Wang’s experimental investigation, the error 
in strain measurement due to wavelength dependent attenuation were within ±50ps. The 
small shift observed due to attenuation in the incident beam can be minimised by placing 
the sample in preferable place in the diffracted beam. Whilst Hsu et al. 153 investigated 
the multiple scattering and wavelength dependent attenuation effects in steel plates. Hus’s 
systematic investigation has summarised the Bragg edge location between 1.4A and 3.0A 
for a number of common metals. The neutron attenuation coefficient for polycrystalline 
materials decreases suddenly for certain neutron wavelengths, this effect is known as 
Bragg edges. Hsu’s investigation recommends, if  the strain measurements are located at 
depth of material then one should avoid using neutron wavelength within A A/A =
0.02A of the Bragg edge. This is because lower order Bragg edges tend to have a bigger 
discontinuity in total cross section.
Grain Size Effects:
In neutron diffraction, uncertainties in a residual stress measurement depend on the 
number of grains diffracted 156,157 and the number of grains diffracting depends on the 
gauge volume size chosen. Therefore, for a given gauge volume, the uncertainties in 
residual stress are lower for a fine grained sample than in a sample with a large grain size, 
due to the former’s larger number of diffracting grains129,158.
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In polycrystalline material, inhomogeneous plastic deformation due to welding can
1 7Qlead to the development of large inter-granular residual strains -. In grains, which are 
orientated favourably in the loading direction, slip systems will activate and those grains 
will deform plastically, due to the higher resolved stress. Upon unloading, the size o f the 
plastically deformed grains remains largely unchanged, which hinders the elastic 
recovery of the non-deformed grains. As a result, elastic strain is locked into the nom 
deformed grains upon unloading 14°. These elastic strains, in different sets of hkl planes, 
are measured by neutron diffraction 159-161.
The slit positions close to the specimen can cause ‘clipping’ of the diffracted peaks, 
shifting their apparent position. These can introduce an error in the determined strain. 
Webster et al 151 demonstrated that this effect was more severe in coarse grained 
materials. The same paper also demonstrated that an uneven distribution of large grains 
in the sampling volume can also shift the diffraction peak position on the detectors. Neov 
et a l 162 analysed the residual stress in an SS347 grade welded stainless steel specimen. 
The tensile strain measurements were affected significantly by the grain size of the plate, 
by twice the real strains measured in the plate. However, by rocking the sample, more 
grains were diffracted within a given gauge volume, which led to more realistic strain 
distributions being measured.
2.5.2 Weld residual stress NeT-henchmark
Several different international consortium activities have been undertaken on the 
prediction and characterization of weld residual stress and distortion of welded samples 
13,14,163,164 Qne suc^ gr0Up js European Network on Neutron Techniques 
Standardization for Structural Integrity (NeT)15. The main objective of this group was to 
define recommendations for the prediction and measurement of welding residual stress.
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Residual stress measurements using different techniques on benchmark weldments, under 
well controlled conditions, have been performed by members of this round robin network 
16 in order to assess and improve the reliability of residual stress measurements. The 
measurement techniques applied include neutron diffraction, synchrotron x-ray 
diffraction, the contour method, deep hole drilling and incremental surface hole drilling. 
In parallel, round robin finite element analysis residual stress simulations have been 
performed and compared with the results from the above stress measurements. Several 
benchmarks have been defined, each managed by a different task group (TG). For 
example TGI tackled a single pass weld TIG bead deposited on the surface of the 
austenitic stainless steel 316L (180x120x17 mm3) 'M6,6i,66,157,165-168
TG4 is investigating residual stress developed around a three-pass slot weld in a 316 
austenitic stainless steel plate (194x150x18 m m ). The specimen geometry is 
representative of a weld repair. Several numerical and a few measurements studies have 
been published related to the NeT TG4 round robin 21’22’24’57’,11’139> The present research 
is based upon the NeT TG4 benchmark weldment.
2.5.3 Previous NeT TG4 benchm ark studies
The distribution of residual stress introduced into a welded austenitic stainless steel 
component depends on its geometry, the welding parameters and the welding sequence 
i i 3 , i i 4 , i 6 9 , i 7 o  B e n c }i m a r k  samples are valuable in that they allow analysts to evaluate and 
improve the accuracy of residual stress measurement and weld modelling 171. Details of 
the NeT TG4 benchmark weldment’s design and manufacture are given in Chapter 3. The
1 77residual stress measurement protocol recommended by the NeT consortium for TG4 
analysis is described in Chapter 4.
The first experimental residual stress characterization of a NeT-TG4 weldment was 
perfonned at the beamline ID 15a of the European Synchrotron Radiation Facility (ESRF)
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1 9Qsee Figure 2.16. This experiment has analysed both macro strains and intergranular 
strains (along line BD only, refer section 4.2.1, Chapter 4) in weldments. The measured 
lattice parameters for top weld, bottom weld and parent stress free cuboids during this 
experiment were 3.59653 A, 3.59716 A and 0.359752 A respectively. The differences 
between the values are due to the slightly different chemical compositions of the filler 
wire and the parent material. Along plane D (refer to Figure 3.3) the maximum 
longitudinal residual stress was observed in the HAZ, while the maximum transverse 
stress, was observed in the first and second weld beads. However, along plane B (refer to 
Figure 3.3) the maximum transverse stress was noticed in the HAZ, not in the weld bead 
as observed in Plane D. The residual stresses measurement at the bottom of the plate 
exhibited stress of ±200 MPa at the centre and ends of plane D and B respectively. The
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uncertainties recorded during this experiment are ±50 MPa . The longitudinal and 
transverse stresses in the weld plate are remarkably well self-balanced. However, the 
severe weld cyclic deformation significantly affected the inter-granular stress analyses 
along line BD due to the weak diffracted peak intensity and broadening. The same 
benchmark weld plate 3-1A analysed at ESRF, was later analysed at different reactor 
sources as summarized in Table 2.3. Muransky 111 has analysed the residual stresses in 3- 
1A using both neutron diffraction source and finite element (FE) analysis. The FE 
analysis of weld residual stress was performed using two methods; 3D moving heat 
source (MHS) and block dumped (BD). The complex 3D stresses using MHS were in 
better agreement with neutron diffraction results than those analysed using the BD 
method. However, both methods estimated the longitudinal and normal residual stresses 
over by 100 MPa or 750 ps, in comparison to neutron diffraction results. Later in 2012
c*7
Muransky et al. compared neutron diffraction results from ESRF with MHS FE 
predictions. The predicted residual stress distribution and plastic deformation levels were
analysed as a function o f weld temperature. However, the effect of DSA on plastic 
deformation of the material was not considered in the analysis. There is a large 
discrepancy between the predicted and measured residual stresses in the weld metal. This
results from the non-availability of accurate weld metal mechanical properties, which are
22used as the input database in weld simulation. In later work of Muransky et ah ,
improved modelling has minimized the difference between predicted and measured
2~)
residual stress. However, the papers have not explained the possible reasons for the
-) j
difference between the other neutron diffraction and those from ESRF. Smith et ah ~ 
have presented measurement o f the residual stress along line BD of 3-1A weldment (refer 
to Chapter 4, section 4.2.1), made at different neutron diffraction sources as summarized 
in Table 2.3. The mean of the measured residual stresses was compared with the predicted 
stresses. All the diffraction results have shown an average peak residual stress of400MPa 
along the weld direction and an average peak residual stress of 250MPa along the 
transverse direction. However, the paper did not describe the possible reason for the 
substantial scatter in the results as shown in Figure 2.16.
Smith et a l .24 found that the most accurate predictions of weld residual stresses were 
achieved using a mixed isotropic-kinematic material constitutive model (refer section 
2.3.5). However, the accuracy of the prediction depends on the constitutive model 
selected and the material data used to fit the model parameters 171173. The general 
constitutive model behaviour and its accuracy were validated by comparing the simulated 
symmetric cyclic loading results with experimental symmetric cyclic loading at room and 
high temperature 171. In the present study, the mixed hardening material constitutive 
model was used to predict the stress-strain curve of cyclic loading. Due to the complexity 
of austenitic stainless steel welds, the following assumptions were used to simplify the 
mixed hardening constitutive model.
1. The isotropic hardening parameter Q<*, the maximum change in the yield surface 
size, and b, the rate at which the size .of the yield surface changes, were defined 
from a single strain range. These parameters were then applied to all strain ranges, 
at room and high temperature.
2. Isotropic hardening b, and kinematic hardening ^  parameters are considered 
constant at both room and high temperatures. Hence, in the mixed hardening 
model, only C, and Qx will vary with temperature and strain range.
As described in section 2.3.4, the amount of cyclic hardening increases with the strain
7 7  7R Qf\ m i  1 (\fs 1 7 A  1 7 7  __range experienced • ’ . Therefore, a representative strain range was
chosen, based on the cyclic deformation experienced by the weld (±1.5% and ±2.5% at 
strain rate 4><10'4/sec 16>63). Limited cyclic deformation data was available from the NeT 
consortium. Smith et a/.21’24, Joostne et al.m  and Muransky et al. 22,57,111 have used a 
mixed hardening model and a pure kinematic hardening model to predict the weld cyclic 
deformation. Smith et al 21,24 reported that the mixed isotropic-kinematic hardening 
model, with two kinematic hardening parameters (Q and y*), has predicted the weld cyclic 
deformation of material with high accuracy 16,21. The required material input data for the 
weld cyclic loading simulations was derived from the second cycle of isothermal strain- 
controlled symmetric cyclic testing of samples of the base metal and weld metal 21.
178However, Joostne et al. has reported that, at high temperature, the stress strain 
prediction from a mixed hardening model underestimates the experimental cyclic loading 
results.
1 7QDewees et al. has used a linear kinematic hardening .model for predicting cyclic 
hardening. In his model, the parameters are evaluated from the saturated or stabilized 
cycles. A stabilized cycle means that the stress does not change, with cycling at a fixed 
strain range. The cyclic hardening predicted, using this saturated cyclic loading, agrees
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well with experimental results both at room and high temperatures. This model is a much
1 7 8simpler approach than when fitting mixed hardening behaviour. Joostne et al. has 
shown that this model, too, under predicts the stresses. In all the numerical analyses 
described so far, the effect of strain rate on the strain hardening of the material was not 
considered in either welding or cyclic deformation simulations.
2.6 Plastic Strain Measurement Around Welds in 316L
Various experimental methods such as hardness measurements, neutron diffraction 
and electron backscatter diffraction (EBSD) provide indirect measures of the degree o f 
plastic strain in deformed sample.
18  ^ 183Hardness measurement can be used to assess the plastic strain in a material . 
Hardness is determined by measuring the material’s resistance to plastic deformation and 
this often shows a good correlation with the level of plastic deformation of a material 
182,184 ]-[owever? a p00r surfaCe finish can lead to incorrect indentation measurement, and 
microstructure variations and heterogeneous deformation etc in the sample will limit the 
accuracy of the hardness measurements. So, hardness testing is usually used for assessing 
plastic strain at the macro level of a material.
In neutron diffraction, the width of a diffracted peak increases when a material has 
undergone plastic strain. This broadening can be measured using the full width at half 
maximum (FWHM) of the peak 129,185. The FWHM can be measured using a single peak 
fitting routine. However, peak broadening can also arise from a non-uniform chemical 
composition 132 and it is difficult to differentiate between the peak broadening effects of 
plastic deformation and those due to non-uniform chemical segregation developed during 
the fabrication process.
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The electron backscatter diffraction technique (EBSD) has specific advantages over 
the other techniques, such as the submicron scale spatial resolution, providing a direct 
measure of the grain size and shape, phase identification, revealing crystallographic 
orientations and correlations between various measures of the local misorientations 
induced in the material, and plastic deformation . In this study, the EBSD technique was 
used for evaluating the plastic strain distributions resulting from welding.
2.6.1 Electron Backscatter Diffraction (EBSD)
EBSD is used to analyse the microstructure of a crystalline material. Within an SEM 
chamber, the interaction of the electron beam with atoms near the specimen surface 
produces backscattered electrons as well as other types of scattering. Backscattered 
electrons fall on a phosphor screen to form a pattern as shown in Figure 2.17. The 
phosphor screen is placed closed to the sample to increase collection of the backscattered 
electron (BE) signal. Tilting the sample, which allows more scattered electron to escape 
from the surface, due to the shallower electron penetration, 186 also increases the BE 
signal. Typically the sample is tilted by 70° for EBSD. Below this angle the signal to 
noise ratio is lower, while above 70° the large intensity gradient across the phosphor
1 87screen make it difficult to obtain high quality patterns . Electrons satisfying the Bragg’s 
condition (equation 2.14) are diffracted back from the specimen surface, forming patterns
on the phosphor screen, as shown in Figure 2.18 177. These lines are known as Kikuchi
186lines or bands. They arise from high angle diffraction cones from each set of planes 
In EBSD the Bragg angle ‘0b’ is small, so the cone segments appear as straight lines and 
the centreline of the Kikuchi bands represents the trace of an atomic plane. The 
intersections between Kikuchi bands can be used to calculate a grain’s orientation in the 
m aterial186.
54
2.6.2 Instrumental factors in EBSD
In order to build up an orientation map, the SEM electron beam is positioned 
sequentially on the surface of the material specimen at a grid of points separated by a 
uniform interval (step size), chosen by the user. At each step, the electrons diffracted from 
the surface of the sample form a pattern on the phosphor screen. These patterns are 
recorded using a charge coupled device (CCD) camera and transferred to a computer. The 
EBSD online acquisition software receives the image and detects the position of the bands 
using a Hough transformation 188. Based on the space group of the material, as input by 
the user from a materials database, theoretically calculated patterns 188 from different 
predefined orientations are compared with the experimental one to find the closest match. 
The reliability of indexing is assessed through a pattern misfit parameter known as the 
mean angular deviation (MAD) 189. A low MAD value indicates a good match to the
189theoretically calculated patterns and shows that the measured orientations are reliable
The quality of Kikuchi patterns depends on the exposure time; accelerating voltage, 
step size, data binning, probe current and the working distance. A long acquisition time 
for each point gives a high signal/noise ratio and generates good quality Kikuchi-pattems, 
but leads to exposure times that are not suitable for in-situ experiments. Higher beam 
currents also give more intense patterns.
The accelerating voltage controls the wavelength of the incident electrons, and so the
angular separation of the Kikuchi bands. At higher accelerating voltages narrower
Kikuchi bands are fonned on the phosphor screen. For narrow bands, the centrelines can
be located very accurately. However, increasing the acceleration voltage increases the
electron energy, and so the electrons penetrate deeper into the specimen, degrading the
spatial resolution. On other hand, reducing the accelerating voltage decreases the
penetration depth but the intensity of the Kikuchi patterns decreases 186. This problem can
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be minimised by increasing the number o f frames averaged, but this increases the 
acquisition time, per point.
The angular resolution of an EBSD system defines the smallest identifiable orientation 
difference between pixels of a grain orientation map. During orientation mapping, poor 
angular resolution results in “orientation noise” in the acquired data. The angular 
resolution depends on both the quality of the Kikuchi patterns and on the resolution of 
the CCD. The resolution of the CCD is controlled by the number of pixels the camera is 
recording. At higher pixel rates, finer displacements in the Kikuchi patterns can be 
recorded, allowing accurate orientation measurement, but the acquisition time increases 
and more memory is needed to store the data 19°. The sensitivity of the CCD camera can 
be changed through pixel binning. Binning effectively increases the pixel area and 
reduces the angular resolution. The quality of the Kikuchi pattern and the precise indexing 
of the Kikuchi pattern are very important in defining local orientations for EBSD data 
analysis.
2.6.3 EBSD data analysis
The EBSD data recorded from each point contains infonnation on the phase 
orientation, Kikuchi pattern quality, and its position in the image space. Where there is 
no orientation infonnation available, the points are known as zero solutions. On well 
prepared samples, these occur most commonly in severely deformed areas, or where 
Kikuchi patterns overlap at sub-grain and grain boundaries. This section explains how 
local plastic strain can be assessed from an EBSD grain orientation map using post­
processing software. There are two methods by which localised plastic strain, resulting 
from dislocations interactions and pile-ups, can be evaluated using EBSD
Method 1 is based on the quality of the EBSD map (image quality maps).
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Method 2 is based on the degree of intra-granular misorientation shown on the map
32,191
'l')
The image quality map is based on the quality of the diffracted pattern . Strained 
regions in the microstructure give poorer patterns than unstrained regions. This is due to 
diffracted patterns are superposition from each individual subgrain . However, the image 
quality is also affected due to poor sample preparation and the camera settings, thus 
preventing reliable quantitative measurement of strain. Further information on the image 
quality method is available in a publication by Wright et al. 32. In this study, quantitative 
analysis of misorientations is adopted for evaluating local plastic strain.
2.6.4 Quantitative analysis o f misorientation
During plastic deformation the material generates and accumulates dislocations which 
can be divided into two classes: statistically stored dislocations (SSDs) and geometrically 
necessary dislocations (GNDs) 32,188. The Burgers vectors of the statistically stored 
dislocations sum to zero, whilst the sum is non-zero for geometrically necessary 
dislocations. SSDs are accumulated by the statistical trapping of dislocation during plastic 
deformation. Hence they are randomly distributed and have no geometrical consequence. 
The diffraction patterns from the SSDs are degraded due to local perturbations of 
diffraction lattice planes leading to incoherent scattering, while, the accumulation of 
GNDs is a result of strain gradient fields due to geometrical constraints of crystal lattice. 
During plastic deformation GNDs are formed in order to preserve the lattice continuity 
through accommodating lattice misorientations.
In this research study, the following metrics have been used to quantify the plastic 
strain from these lattice rotations: Kernel average misorientation (KAM), Low Angle 
Boundary fraction (LABf) and Average Intragrain Misorientation (AMIS)32,192.
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2.6.4.1 Kernel average misorientation (KAM)
This metric is used to measure the local lattice deformations by considering the 
misorientations between each measurement point and all the points within a small ‘kernel’ 
about that point, but including only those misorientations of less than 2° (refer toFigure 
2.19). The measured KAM from each point (for example using a kernel area of 3><3 
measurement points) within the deformed crystal lattice can be presented as a frequency 
distribution. The frequency distribution of KAM data can be fitted using a lognormal 
distribution 193. The mean of this lognormal probability distribution has recently been 
used to investigate the plastic strain in a deformed sample of 316H s tee l194.
2.6.4.2 Low angle boundary fraction (LABf)
In this m etricj2 the misorientation between adjacent points is measured, concentrating 
on the angular misorientation range between 2° and 15°, which are taken to constitute a 
low angle boundary. If the misorientation angle between two adjacent points is greater 
than 15°, they are expected to be separated by high angle grain boundary. The low angle 
boundary fraction is calculated by taking the ratio of the length of low angle boundaries 
to the length of low angle boundary and length of high angle boundaries 192.
2.6.4.3 Average intragrain misorientation (AMIS)
AMIS considers the relative misorientation of all points within a grain. For each grain 
this metric computes an average misorientation from the misorientations between each 
measurement point within a grain, and the mean grain orientation. The AMISa is an 
overall average of the average intra grain misorientations from a constituent EBSD grain 
map, using the following equation 194.
AMISa= ^ i l j  2.20
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Where ‘m ’ is the total number o f grains in an EBSD map, and ‘I’ represents the AMIS 
value of each individual grain being measured.
2.7 Welding plastic strain analysis using EBSD
The welding process introduces non-uniform plastic strain into a component. For the 
TG4 benchmark, this has been predicted by NeT consortium members, using numerical 
simulation22,51. Experimental results from this research study are contributing to the NeT 
consortium database. For the first time, weld plastic strain is quantified and compared 
using EBSD and hardness measurements. In addition, very few studies have been 
published on evaluation of accumulated weld plastic strain using EBSD. The different 
methods available for strain analysis using EBSD were described earlier, and further 
infonnation is available in the literature 32,195.
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2.7.1 Previous studies on weld plastic strain analysis using EBSD
Table 2.4 summarised the work done so far in quantifying the plastic strain in welded 
sample using EBSD. Saukkonen et al. 196 both characterized the weld microstructure and 
quantified the plastic strain in a prototype, boiling water reactor, pipe weld made of AISI 
304 stainless steel. The plastic strain was quantified by comparing the weld intra-grain 
misorientations with the calibrated misorientation vs strain curve measured from defined 
tensile deformed samples. The highest levels of plastic strain (10-20%) were detected in 
the HAZ of the weld pipe. However, some parameters, which play an important role in 
determining the plastic strain, such as the temperature of the calibration tests, the weld 
filler metal and the limiting misorientation angles used for the calibration curve, were 
missing in this report.
1 Q7Saez Maderuelo et al. have characterized the plastic strain distribution in nickel 
alloy 600, welded with weld metal 182, using the KAM metric and a metric similar to 
AMIS. The plastic strain in the HAZ of alloy 600, with two different thermal treatments 
has been estimated at between 8% and 10% strain, but the strains evaluated from the same 
sample varied significantly from one metric to another.
1 OSHou et a l  have analysed the plastic strain in the heat affected zone of a welded 
joint, between alloy 690TT and alloy 52, using the metric grain average misorientation 
(GAM) which is similar to AMISa. Using a GAM calibration curve evaluated from a 
series of specimens of the alloy 690 base metal tensile deformed at room temperature, the 
plastic strain increased from 15% at the weld top to 17% at the weld root, and 20% in the 
HAZ close to the fusion boundary. For all samples, lower strains were measured in the 
weld alloy 52 than in the HAZ.
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Ming et al. 199 has quantitatively estimated the strain across dissimilar metal welds 
between SA508 and 309L, and between 308L and 316L, using KAM. The analysis 
indicated the dissimilar metal HAZ has a higher plastic strain than the weld metal.
The local deformation in 316GN welded pipe and alloy 600 base metal welded with 
alloy 82 have also been evaluated using KAM 31,20°.
Despite the different weld parameters, number of weld deposits, the weld filler wires, 
step sizes and different EBSD metrics used, all the published results so far have indicated 
the peak strain is around the HAZ. This is due to cyclic deformation of the HAZ during 
the multi weld processes, as described earlier. However, all the calibrated misorientation 
metrics calibrations were obtained from room temperature tensile tests, while the 
deformation processes in welded samples takes place at high temperature, so the obtained 
absolute values of the plastic strain will be questionable 188.
2.7.2 Previous studies on cyclic accumulated strain analysis using EBSD 
As described earlier, the cyclic deformation of a material can lead to complex 
dislocation structures, and very few studies have quantified the accumulated plastic strain 
induced by cyclic deformation of material in isotropic conditions (such as uniform
TO 1 •temperature, deformation etc.) using EBSD. Kamaya has quantified the degree of inter 
granular misorientation developed due to the strain controlled cyclic deformation of 316 
samples. The tensile sample deformed significantly more, and exhibited less fluctuation 
in crystal orientation inside the grain, in comparison to cyclically deformed sample. Local 
misorientations formed as a result of cyclic deformation were confined to clusters inside 
some grains, whereas they developed throughout the tensile samples. The degree of local 
misorientation increased with the strain amplitude. However, the paper did not account 
for the effects of poor sample preparation, or the process of EBSD data cleaning. Poor 
sample preparation will affect the quality of EBSD diffraction patterns and hence the raw
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1 8 7  1 RQ 9 0 7  9 0 9data ’ ’ . K am aya^a/. have investigated cyclic deformation with another metric;
modified crystal deformation (MCD). The KAM analysis showed more data fluctuation 
in the fatigued sample than the MCD analysis, because KAM evaluated the local 
misorientation at each point, whereas MCD evaluated the misorientation across the whole 
grain.
2.8 Conclusion
There are many publications in the literature characterising weld residual stress 
distribution in austenitic stainless steel using neutron diffraction. However, variations in 
weld parameters (such as heat input), the sequence of weld deposits, geometry (such as 
pipe, plate, weld bead, etc.) produces highly scattered results. In structures whose 
structural integrity is of critical importance, such as primary pipe components in a nuclear 
power plant, a thorough and accurate assessment of the weld residual stress distribution 
state is essential. The experimental research carried out in this study presents the first 
attempts to identify all the issues affecting the reliability of residual stress characterization 
in the NeT-TG4 weldment. New residual stress measurements were taken at two 
spallation reactor sources, using the ENIGN-X and VULCAN neutron diffractometers. 
The measured weld residual stresses are compared with published results for the same 
benchmark sample (ID 3-1 A) as was measured by the members of the NeT consortium.
Localized weld thermal cycles lead to non-uniform deformation of material through 
the thickness of the specimen. EBSD is a very promising technique in teims of assessing 
localized deformation at high spatial resolution. Most published results have analysed 
selective locations of multi-pass weld specimens using KAM and AMISa. All published 
results have quantified the accumulated plastic strain due to multi-pass welding, using 
room temperature based misorientation calibration curves. However, in real welding the
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deformation takes place at high temperature. Therefore, the accuracy of such results is 
questionable, because the dislocation interaction mechanisms at high temperature are 
different from those at room temperature. The second objective of the present research is 
to demonstrate whether EBSD can quantity accumulated plastic strain resulting from one, 
two and three pass weld deposits in 3 16L steel using different EBSD metrics.
Finite element computational methods are increasingly being used for the prediction 
of residual stresses in welded engineering structures. However, the precision of numerical 
simulations is dependent on the accuracy of the material database and the assumptions 
applied to simplify the complexity of non-linear analyses. Incorrect assumptions will 
affect the reliability of the predicted residual stress values. One common assumption is to 
ignore the strain rate. But the yield stress and the rate of cyclic hardening/softening of the 
material vary significantly at different strain rates. At room temperature, a high strain rate 
increases material hardening compared to a material deformed at a slow strain rate. In 
contrast, at high temperatures (450°C - 650°C), the reverse is true because of DSA. This 
means that, the weld-cooling rate (which determines the material’s strain rate) can affect 
the material deformation properties. Ignoring this effect may introduce significant error 
in predicted residual stress values. The results of this study will be used to investigate the 
magnitude of the possible error arising from ignoring the strain rate effects. A further 
source of error is that the input parameters for hardening models are usually evaluated 
from symmetric (tensile-compressive) cyclic deformation testing. However, in reality 
material cyclic deformation during welding is asymmetric (predominantly compressive). 
From the literature review, it is clear that the same material subjected to different 
symmetric cyclic deformation amplitudes will harden by different amounts. However, 
there have been no previous studies investigating strain controlled asymmetric cyclic 
deformation. The third objective of the present research is to examine how material
deforms under asymmetric and symmetric strain controlled conditions^ at different strain 
rates and temperatures and how this may affect predicted stresses and strains around 
welds.
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2.9 Tables
Table 2.1 Chemical composition of austenitic stainless steel AISI 316L (N)
Material C Si Mn P S Cr Mo Ni Others
316L(N) 0.030 0.75 2.0 0.045 0.030 16.0/18.0 2.0/3.0 10.0/14.0 N 0.1/0.16
Table 2.2 Differences between reactor sources and spallation sources
Reactor Source Spallation Source
Monochromatic wave length 
Continuous neutrons
Only one grain family can be analysed 
(selected by user)
Mobile neutron detectors
Polychromatic wave length 
Pulsed neutrons
Multiple grain families can be analysed 
Neutron detectors fixed at 90°
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Table 2.3 Residual stress measurements of 3-1A benchmark have taken place at 
different sources
S. No Instrument Source 316L
Benchmark
ID
1 European Synchrotron Radiation Facility (ESRF) Synchrotron 3-1A , 1-1A
2 Australian National Nuclear Research and 
Development Organisation (ANSTO)
Reactor 3-1A , 2-1A
3 Forschungs Neutronenquelle Heinz Maier Leibnitz 
(FRM-II)
Reactor 3-1A, 1-1A
4 Helmholtz Zentrum Berlin (HZB-E3) Reactor 3-1A
5 Institut Laue-Langevin (ILL) Reactor 1-1A
6 Paul Scherrer Institut (PSI) Reactor 1-1A
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Table 2.4 Plastic strain analysis welded samples using EBSD
S.No Material EBSD
Metrics
Quantified Plastic 
Strain
Location Direction of analysis 
with respective to weld 
bead
1 A IS I304 196 AMISa 10-20% HAZ Perpendicular
2 Nickel alloy 600 197 KAM,
AMISa
8% and 10% HAZ Perpendicular
3 Alloy 690TT and 
alloy 52 198
AMIS 15% at weld top 
and 17% at the 
weld root
HAZ Perpendicular
4 Dissimilar metal
199
KAM HAZ Perpendicular
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2.10 Figures
Figure 2.1 Different zones in the weld sample
SAZ
I Compressive yield Zone
Fusion Zone! HAZ i !# ^  i Elastic Zone
Figure 2.2 Schematic illustration of stress tem perature and strain tem perature 
variations during welding 34
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Figure 2.3 Tensile stress vs. strain curve
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Figure 2.4 Schematic illustration of slip in a single crystal (a) before slip (b) after 
slip
Slip Plane
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Figure 2.5 Relationship between tensile stress and resolved shear stress during 
loading of a single crystal
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Figure 2.6 Edge dislocation
0
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Figure 2.7 Force vs. velocity diagram  for a mobile dislocation during DSA 79
Force Curve 2. S o lu t e  Drag Force
Curve 4.  B ehav ior  o f  d i s loca t ion  ve lo c i ty
m
: [
Curve 3. C o n c e n t r a t io n
Of diffusing solutie s p e c i e s
Curve 1. Lattice Friction
V e loc i ty
FrictionInstabil ityDrag
Figure 2.8 (a) Schematic of m aterial response with isotropic hardening model (b) 
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Figure 2.9 M acro and micro residual stress developed from misfits 7
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Figure 2.10 Penetration and spatial resolution of different strain analysis techniques
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Figure 2.11 Schematic representation of diffraction in unstrained and strained 
lattice parameter
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Figure 2.12 Instrument layout (a) VULCAN-SNS 125 (b) ENGIN-X ISIS 121
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Figure 2.13 Intensity vs TOF from spallation neutron diffraction for 316L (N) 
m aterial
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Figure 2.14 (a) Nominal gauge volume and (b) instrumental gauge volume during 
neutron diffraction
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Figure 2.15 Schematic illustration of path lengths contribution to pseudo strain 117
Diffracted beam
AA
Gauge volume
Incoming beam
->
o Instrumental gauge volume centroid 
X sampling gauge volume centroid
76
Figure 2.16 Residual stress measurements through thickness of benchmark three 
pass weld plates ID 3-1A and ID 1-1A 21
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Figure 2.17 Backscattered electrons forming plane traces on phosphor screen 204
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Figure 2.18 Kikuchi pattern from diffracted electrons incident on a phosphor screen 
for material 316L (N) at 20kV
Figure 2.19 Schematic diagram for EBSD metric analysis (a) RAM and (b) AMISa
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CHAPTER 3. B e n c h m a r k  W e l d m e n t  D e s ig n
a n d  M a t e r ia l  C h a r a c t e r i z a t i o n
This chapter gives detailed background information on the design, manufacture and 
material characterization o f welded test specimens used for the research presented in this 
thesis. The work has been integrated with residual stress round robin studies of the NeT 
task group 4 (TG4), see sections 2.5.2 and 2.5.3, on a three pass slot weld in a stainless 
steel plate. Two o f these TG4 benchmark specimens were made available to the author 
for neutron diffraction measurements. In addition, a quantity o f parent material plate was 
supplied (refer to section 3.4 and Chapter 5) and three special slotted specimens were 
received, comprising one, two and three pass welds (refer to section 3.3). These were 
prepared for the plastic strain studies, using EBSD, presented in Chapter 6.
3.1 Introduction
Allocation of the AISI-316L benchmark plate, for determining the evolution of 
residual stresses using neutron diffraction, is summarized in Figure 3.1 ’ . The
chemical composition, tensile properties, grain structure and the heat treatment test 
certificate o f ' manufacture, stress relief heat treatment and weld parameters are described 
in section 3.2 below. In total four welded samples were allocated for non-destructive 
experiments, and were circulated to all groups within task group 4, for weld residual stress 
measurements using neutron and/or synchrotron X-ray diffraction. In this research 
project, a single three pass weld plate (ID 3-1 A) was used to measure the residual stress 
; field using neutron diffraction at spallation facilities. The principles of neutron diffraction 
at time o f flight sources have been given in Chapter 2, section 2.4.1. Details of the
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experiments carried out so far by other members of the NeT consortium have been 
described, in Chapter 2, section 2.5.3 172. This research project contributes towards filling 
gaps noticed in the literature, by analyzing the following:
1. Residual stress measurements using two different spallation neutron diffraction (ND) 
sources for the first time.
2. The quantification of the accumulated plastic strain resulting from three sequentially 
deposited weld passes using electron backscattered diffraction (EBSD) and a 
hardness testing method.
3. Welding stress-strain studies using symmetric and asymmetric cyclic loading, 
including the effect of strain rate on strain hardening.
The evolution of residual stress and the accumulated plastic strain during welding has 
been discussed in Chapter 2 as well as the basic working principles of neutron diffraction, 
EBSD and Finite Element based weld simulation techniques.
3.2 Manufacturing o f TG4 Benchmark Specimens
All of the TG4 test specimens were made from a large piece of AISI type 316L 
austenitic stainless steel plate (2650 * 2500 x 60 mm), as shown in Figure 3.2(a). Initially, 
ten blocks (each 250 x 650 x 60 mm) were cut from the raw work piece using water jet 
cutting. The blocks were further divided into four (Figure 3.2(b)) plates, each of which 
was machined again to final size (194 x 150 x 18 mm) ready for welding (Figure 3.3 (a) 
Benchmark specimen dimensions (b) Benchmark specimen dimensions and slot 
configuration (a)). A weld groove (80 mm long, 6 mm deep) was then milled in the centre 
of each prepared plate, as seen in Figure 3.3(b). The root of the slot had a radius of 4 mm, 
which blended with the walls to make an angle of 20° to the plane of the weld centreline,
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as shown in Figure 3.3(b) ’ ■ . The plates were marked with a co-ordinate system .(+/-■
z and +/- x) and an identification number, as shown in Figure 3.3(a), prior to the welding, 
as specified in flowchart Figure 3.1. The z coordinate axis was positioned on the top 
surface along the centreline of the weld groove, and the x  coordinate axis was marked at 
the mid-length position, across the groove.
3.2.1 Stress relief heat treatment
Manufacturing processes such as casting, hot rolling, and machining can lead to 
residual stresses being introduced into material. In order to eliminate these residual 
stresses or reduce them to an acceptable level, the material can be annealed using an 
appropriate heat treatment process. For the TG4 project, each specimen was wrapped in 
heat treatment foil prior to solution heat treatment at 1050°C in a furnace, for 
approximately one hour. The plates were then left to cool in the furnace until they reached 
a temperature of 300° C and then removed for natural cool down to room temperature
206,207
3.2.2 Three pass weld AISI-316L (N) plate
Figure 3.4 shows an image of the automated pulse Tungsten Inert Gas (TIG) welding 
machine employed for welding the plates. A summary of the welding parameters is 
provided in Table 3.1 206,207. The feed wire (0.9 mm diameter) AWS A5.0-93 (ER316L) 
was used to weld the plates. The chemical composition of the filler wire is provided in 
Table 3.2. During the welding process, the machined base plate (194 x 150 x 18 mm) was 
left unclamped whilst on the welding table. The second and third weld passes were 
deposited directly on top of the preceding pass at a travel speed of 76.2 mm/min. The 
inter pass temperature for both second and third passes was 50°C (±10°C). A total of
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seven welded plates were made in this way and labelled 1-1 a, 2 -la, 3-1 a, 1-lb, 2-lb  and 
3-lb.
3.2.3 Stress free cuboids extraction
‘Stress free’ specimens of both parent 316L(N) and weld material are required for 
neutron diffraction130 measurements of the unstressed lattice parameters used in the 
calculation of strain (and hence stress) at each measurement point within the weld plate 
sample. NeT TG4 allocated two weld plates (ID 1-2B and 2-1B, shown in Figure 3.5(a, 
b)) and one parent plate (ID 1-1 A, in Figure 3.5 (c)) for stress free reference specimen 
extraction. Table 3.3 lists the stress-free cuboids extracted from each plate. After 
machining the weld slot, plate ID 1-2B (Figure 3.5 (a)) was not heat treated before the 
weld deposits were made, whilst plates ID 2-1B (Figure 3.5 (b)) and 1-1A (Figure 3.5 (c)) 
were solution heat treated before the weld deposits.
Plate ID 1-2B was milled with five-weld grooves (each 80 mm long and 6 mm deep) 
as shown in Figure 3.5 (a), one slot for a single pass, one slot for the first and second 
passes, and the third slot for a three-pass weld. The remaining two grooves were left 
untouched. Each weld groove was separated from the next by a distance of 30mm, 
measured from the center o f each groove. After welding, a transverse slice incorporating 
the three filled slots, was extracted by electro discharge machining (EDM), as shown in 
Figure 3.6. The slice was approximately 4 mm wide and 60 mm in length at the mid 
length position.
From the extracted slices (i.e. along the weld direction as shown in Figure 3.6), a 
further four 23x4><3 mm prisms of weld metal were extracted from the top weld metal 
and bottom of the weld. Each of these prisms was further cut into four cuboids 5 x 4 x 3 
mm using EDM. Then each set of four cuboids of weld material were glued together to 
create larger ‘stress free’ samples 5 x 8 x 6  mm. Using wire EDM, parent material ‘stress
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free’ cuboids (5 x  4><3 mm) were extracted from the + x, - z  comer of plate ID 1-FA 
(Figure 3.5 (c)) and assembled using a similar procedure to that described above. The 5 
mm dimension was parallel to the welding direction, the 4 mm dimension parallel to the 
transverse direction and the 3 mm dimension parallel to the normal direction. The three 
sets of assembled stress free cuboids (upper weld, bottom weld and parent) were color 
coded red, green and black respectively and are summarized in Table 3.3.
3.3 Material for Strain Controlled Cyclic Tests
A raw piece of the remaining parent austenitic stainless steel (600 x 50 x 62 mm) was 
supplied by the NeT TG4 group for the present research (refer to Figure 3.1). This 
material was specifically for the analysis of weldment cyclic deformation. The rationale 
for this analysis is described in Chapter 2, section 2.3.4. The supplied work piece was 
heat-treated using a similar process to that described in section 3.2.1. A thin sample (3 x 
50 x 62 mm) was extracted using wire EDM, to enable identification of the rolling 
direction in the 316L (N) block, using optical micrograph analysis. The rolling plane is 
identified, in Figure 3.7(a).
3.3.1 Design o f strain controlled test specimens
Low cycle fatigue test specimens for the strain controlled cyclic tests were extracted 
from the block of parent austenitic stainless steel. These specimens were designed 
following guidelines contained in British Standard (BS) 7270 (1990) 20S. Using wire 
EDM, cylindrical samples were extracted with their axes parallel to plane D, see Figure 
3.7(b), i.e. along the weld direction. A test specimen designed without shoulders, for 
cyclic loading is shown in Figure 3.8. This shape of sample was originally selected for 
this research due to the limited availability of the material. However, following cyclic 
loading, steps were seen on the stress vs. strain cyclic loop, as illustrated in Figure 3.9.
Q/1
This was due to the backlash between the sample and the collet, which resulted in 
formation of steps with the load train, and (ii) the length of the M12 thread was longer 
than required. Therefore, during initial loading, stress was applied to the excess threads, 
which then deformed the sample at the zero stress point. These problems were addressed 
by redesigning the cylindrical cyclic loading sample to include a shoulder at each end, as 
shown in Figure 3.10. In addition to modifying the sample design, an Instron alignment 
pro kit was also installed to the instrument to improve the alignment of the sample.
3.4 Sequential Weld Deposited Plate
An additional multi-pass weld plate was made by the NeT consortium for 
quantification of accumulated plastic strain by the author. From the raw work piece, a 
new parent plate test specimen was cut to dimensions 250 x 200 x 18 mm. Three weld 
grooves were milled into the plate to a depth of 6mm; one central, and one either side, at 
a lateral distance of 80 mm from the central groove, as shown in Figure 3.11. Prior to the 
welding process the raw work piece was heat treated for stress relief as described in 
section .3.2.1. The three weld grooves were deposited with a single pass, two passes and 
three weld passes respectively, using tungsten inert gas welding, according to the details 
shown in Table 3.1, and with the filler wire compositions listed in Table 3.2. The 
sequence of the welding process is annotated in Figure 3.12.
3.4.1 Samples for plastic strain analysis
Wire EDM was used to divide the multi-pass weld plate (Figure 3.11) transversely, 
into two halves, each one measuring 250 x 100 x 18 mm. This cut was made across the 
centre of all three welds. Figure 3.11(b) shows where each half was cut again, to extract 
two thin transverse slices, each one measuring 250 x 3 x 18 mm. One slice was left whole, 
and allocated for hardness measurement testing. The other slice was cut into three pieces,
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each covering one weld groove as shown in the optical macrograph Figure 3.11(c). These 
individual pieces were allocated for texture, microstructure analysis (ref. section 3.5.3. 
and 3.5.2.) and plastic strain analysis using EBSD as described in Chapter 6.
3.5 Material Properties
The mechanical properties and material characterization of the parent austenitic 
stainless steel have been well defined by the NeT consortium. The chemical composition 
and monotonic tensile properties, at different temperatures, on the parent material, have 
all been documented 172’206. Data relevant to this thesis are reproduced in Table 3.2 and 
Table 3.4. However, the NeT group lacked the following information;
• The grain size distribution in the three orthogonal planes (longitudinal, 
transverse and normal),
The parent and weld material hardness 
The texture of the weld metal
The extent of any Chemical compositional variations in the parent and 
weld materials
This information was needed to support the neutron diffraction and EBSD studies 
proposed for the present research and was obtained by the author as described in sections 
3.5.1-3.5.6 below.
3.5.1 Specimen preparation
For optical, grain size, texture and chemical characterisations, a parent material sample 
( 5 x 8 x 6  mm) was extracted from the end of the transverse slice as shown in Figure 3.13. 
To mount the specimens ready for surface preparation, first, seventy five percent of 
MetPrep conducting phenolic resin granules was added to the mounting mould, and then 
twenty five percent of Struers Condufast powder, containing iron particles, was added on
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the top o f the phenolic resin prior to hot mounting. When hardened, this resin mixture 
provides excellent conductivity for electrolytic polishing of the specimen surface.
The aim of the specimen preparation was to produce stress free surfaces with a mirror 
finish. The sample preparation steps and etching methods are summarised in Table 3.5. 
This preparation method was used consistently for samples undergoing optical 
microscopy, hardness measurement, Energy Dispersive X-ray spectroscope analysis 
(EDX) and EBSD.
3.5.2 Optical microscopy
A Leica DM-I5000M optical microscope was employed for the optical examination. 
The parent cuboid (5x8x6 mm) was examined in three orientations with respect to the 
weld (longitudinal, transverse and normal), as shown in Figure 3.14. Micrographs of the 
parent material in all three orientations are provided in Figure 3.15-3.17. Macrographs of 
the weld beads and micrographs showing the heat affected zone (HAZ) for the single 
pass, two pass and three pass welds, are presented in Figure 3.18-3.20 respectively. 
Optical macro and micrographs of the single pass, two pass and three pass weld metals 
were obtained from the sequential weld deposited plate samples (ID 1-2B refer Figure 
3.5(a)) described in section 3.2.3. The optical images of the prepared surface of the parent 
material show an approximately equiaxed grain size, with the presence of twin boundaries 
and ridges along the planes D and B shown in Figure 3.3. Previous research 209210 
suggests that the development of ridges in the rolling direction (i.e. visible as lines on the 
transverse and normal sides), during solidification or casting, could be due to some of the 
non-uniform segregation of chromium and molybdenum. These ridges are not 
significantly reduced by a subsequent hot rolling process. The presence of a small 
percentage of ferrite (below 1% or 2%) in the wrought microstructure is not considered 
detrimental. However, the small amount of ferrite can form a preferential site for the
87
precipitation of M23C6 carbides and sigma phase 47. Nevertheless, the presence of delta 
ferrite is beneficial in dissolving harmful impurities such as sulphur, phosphorus and 
boron 21 \  An attempt was made, using EDX analysis, to investigate the chemical 
composition of these ridges and the outcomes are reported in section 3.5.5.
The fusion region of the single, two and three pass weld zones has undergone ferritic 
austenitic type solidification, where the austenite forms due to a peritectic-eutectic 
reaction. Ferrite (black) boundaries were formed around the austenite (white), in the 
material, at the end of the solidification process as seen in Figure 3.21. The columnar 
microstructure, solidification sub-grain boundaries (SSGB) and the solidification grain 
boundaries (SGB) are evident around and near the fusion boundaries. The SSGBs are 
normally identified as around cells or dendrites, and/or the boundaries that separate 
adjacent sub-grains as indicated in Figure 3.20. The SGBs are fonned around groups of 
SSGB. At places where SSGBs and SGBs interact, boundaries with high angular mis- 
orientation result47.
A skeletal ferrite morphology was observed in the single, two and three weld passes 
cases. The moderate cooling rate of solidification causes the austenite to consume the 
ferrite until the ferrite is enriched with elements promoting (chromium and molybdenum). 
At the same time, austenite promoting elements (nickel, carbon and nitrogen) are rejected. 
These rejected elements stabilize at lower temperatures, where diffusion is limited, and 
form skeletal ferrite. The microstructures in the fusion zone are not uniform. This is due 
to the difference in the cooling rate, resulting from the multi-pass welding. This leads to 
fine columnar crystal grains being generated during the first pass, whilst a coarse 
microstructure was observed near the weld cap of the second and third weld passes.
During multi-pass welding, the underlying preceding weld metal re-melted and 
recrystallized and columnar grains grew, adopting a similar orientation to the previous 
columnar zone. This process results in elongated coarse columnar grains. However, at 
the intersection of the first and second pass fusion boundaries, as shown in Figure 3.21, 
distinct columnar grains, oriented in different directions were observed across an overlap 
interface of each weld pass. This was due to the restriction of direct epitaxial growth of 
the grains 212.
3.5.3 Grain size measurement
The average grain size of metals has a significant effect on properties such as strength 
and ductility. Information on the grain size of the ‘as received’ material gives an initial 
reference, enabling a distinction from the deformed grains resulting from cyclic loading.
The American Standard Test Method (ASTM) Mean Linear Intercept method was used
’ 1 *2
to calculate the grain size, using both Leica software and by hand calculation . The 
Mean Linear Intercept method is one of the most commonly used methods to determine 
the grain size. The procedure and any precautions to be considered are provided in ASTM 
Standards El 12-12 2I3.
For hand calculation of the average grain size five to eight straight lines are drawn 
randomly on micrographs for each of the surface orientations (longitudinal, transverse 
and normal). A minimum of 6 lines intersecting at least 100 grain are sampled. The 
average grain size in the longitudinal plane was 86pm (+/-10 pm), in the transverse plane 
68pm (+/- 15 pm) and in the normal plane 71pm (+/- 15 pm) respectively. The automatic 
linear intercept measurements calculated using the Leica software are 65 pm (+/- 5 pm) 
in the longitudinal, 69 pm (+/- 10 pm) in the transverse and 67 pm (+/- 15 pm) in the 
normal plane.
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3.5.4 Chemical composition
The point scan methods of the EDX process were used on the polished and etched 
surface of the transverse face, to identify any chemical variation associated with the 
observed ridges (Figure 3.16 and 3.17). The point chemical compositions of the etched 
surface, on and away from the ridges (see Figure 3.22), are presented in Table 3.6. There 
appears to be a chemical difference of about 2.0 Wt. % of Chromium between the ridges, 
and the areas away from the ridges. However, this difference may be due to the path 
length difference caused by the surface topology of the etched specimen.
3.5.5 Texture analysis
The crystallographic texture is a measure of the degree to which the grains in 
crystalline samples are not randomly oriented. Manufacturing processes such as hot 
rolling and welding promote grains with a preferred orientation along certain macroscopic 
planes in the sample. For instance, in deposited weld metal, the grains are often orientated 
in the direction of the heat conduction path.
Texture analysis was carried out using EBSD on the sequential weld metal deposited 
plate samples as described in section 3.4, and on the parent cuboid. The texture analysis 
was carried out at the centre of the transverse plane (parallel to XY, refer to Figure 3.3) 
of the parent cuboid and through the centre of the first pass, second pass and third pass 
weld bead for the three-pass weld EBSD sample (refer to Figure 3.18(c)). An area 
covering between 4><107 to 8><107 data points, at a 1pm step size scan, was employed for 
the texture analysis. The grain orientation map and pole figures of the parent material and 
of three-pass weld material are presented in Figure 3.23-3.24. From the figures, it is clear 
that the weld metal exhibits a strong texture along {100} orientation. The underlying 
reason for this preferred orientation is that in face centered cubic materials the least close
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packed atomic low index planes are {100}. This atomic plane offers the path of least 
resistance for the random atomic arrangement, in the molten liquid, to align with during 
solidification, for rapid grain growth along {100} direction. Simultaneously a few 
differently oriented grains, i.e. those not growing fast towards the former position of the 
heat source, grow very slowly and their development is terminated.
In order to evaluate the effects of texture, the NeT TG4 group carried out texture 
measurements on a cube of parent material, using neutron diffraction, at FRM-II Germany 
214. The yFe {111} and {200} peaks were examined for the evolution of texture. It can be 
seen that from Figure 3.25, the texture is weak, with a maximum multiple soft random 
distribution of 1.2.
3.6 Conclusions
The conventional sample, without shoulders, experienced buckling under cyclic 
loading due to the poor alignment. These problems were rectified by using a new sample 
design, and by using an Instron alignment pro kit. An elongated grain structure was 
observed (in plane D and B) in the optical microscopic analysis o f parent cuboids. 
Insignificant texture was identified in the parent material and {100} texture in the three- 
pass weld metal, using the EBSD analysis. The EDX analysis of the base material appears 
to be a chemical difference about 2.0 Wt. %, however, the EDX analysis was not sensitive 
enough to pick up the chemical segregation in the ridges.
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3.7 Tables
Table 3.1 Summary of the welding parameter206
Parameter Pass 1, 2 and 3
Slot Dimensions 80><6 mm
Welding Process GTAW/TIG
Filler Wire AISI type 316L
Wire Diameter 0.9mm
Arc Polarity DC Electrode (-)
Shielding Gas Argon
Tungsten Electrode 2% Thoria
Electrode Diameter 3.2mm
Electrode Angle 30°, 0.5 mm flat
Gas Cup ID 12 mm
Arc On Start +0s
Starting Current 50A
Start o f Ramp Up Start +0s
End o f Ramp Up Start +4s
Pulsing Frequency 1 Hz
Peak Welding Current 240 A
B/G Welding Current 200 A
Arc Voltage 9-11 V
Start o f Wire Feed Start +5s
Start o f Travel Start +6s
Travel Speed 76.2 mm/min
Weaving None
End o f Ramp Down; Final Current 5-10 A
Inter-pass Temp 20° C ± 10 °C
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Table 3.2 Chemical composition of filler wire used for welding206
c Cr Cu Mn Mo Ni P S Si
0.020% 19.04% 0.05% 1.84% 2.1% 12.20% 0.018% 0.001% 0.49%
*ASTM A 751-96 standard was used for all chemical composition analysis 
Table 3.3 List of stress free cuboids extracted from benchmark weld plate
Benchmark Plate 
ID
Extracted 
stress free 
cuboid
Number of 
cuboids 
extracted from 
each plate
Refer Figure Heat
Treated
1-1B Parent 2 3.5(c) No
1-2B Top Weld 2 3.5(a) No
1-2B Bottom Weld 2 3.5 (a) No
2-1B Parent 1 3.5(b) Yes
2-1B Top Weld 2 3.5(b) Yes
2-1B Bottom Weld 2 3.5(b) Yes
Table 3.4 Chemical composition of AISI 316L (N) austenitic stainless steel172
Element C Mn Si Cr Ni Mo Cu N
Wt°/o <0.03 1.6-2.0 <0.5 17-18 12-12.5 2.30-2.70 <0.3 0.06-0.08
Ti<0.15 P < 0.025 wt %, Ta+Ts d+S<0.01 wt%, Nb+Ta+rfi < 0.15 wt%, B < 0.002, Co<
0.2 wt% and Fe balance
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Table 3.5 Steps in the sample preparation for optical microscope, EBSD and macro
hardness analysis
Method Grit Paper No/ Force in lbs. / Voltage Time in minutes
Grinding 240 3 2
Grinding 500 3 3
Grinding 800 3 4
Grinding 1200 3 5
Polishing 9n 3 5
Polishing 6 p 3 10
Polishing 1 p 3 15
Electrolytic 22V 1-2
Electrolytic 60% nitric acid 2V 30 Sec
Table 3.6 EDX point scans chemical composition from etched surface
Element Fe Cr Ni Mo Mn Si
Wt.% 64.1 19.4 11.4 2.7 2.0 0.4
Wt.% 64.4 20.0 10.0 3.1 2.1 0.5
Wt.% 65.0 19.8 9.5 3.0 2.0 0.5
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3.8 Figures
Figure 3.1 Manufacturing and specimen allocation flow chart
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Figure 3.3 (a) Benchmark specimen dimensions (b) Benchmark specimen
• 206dimensions and slot configuration
en d
start
(line A) plane B line B (line C)line D plane D 
x = transverse, y = normal; z = longitudinal
(a)
r ™ >  D
150
45°
194
R4
centre of plate 
and slot
— D
Section D-D
20°
* \  J
All dimensions in mm.
18 R4--------* 4
Section B-B
(b)
97
19
4m
m
F igure 3.4 Tungsten Inert Gas (TIG) welding machine
Figure 3.5 Weld benchmark plates allocated for extraction of stress free cuboids (a) 
Plate ID 1-2B and (c) Plate ID 1-1B
154mm
194mm
(a) (b) (c)
Note: Dimensions of the plate are provided in Figure 3.3.
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Figure 3.6 Manufacture of stress free cuboids
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Figure 3.7 (a) Parent material block for cyclic loading analysis and (b) cyclic samples 
extraction
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Figure 3.8 316L (N) cyclic loading samples design without shoulders
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Figure 3.9 Stress vs. strain raw data plot for specimen without shoulders
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Figure 3.12 Multi pass weld sequences (dimensions of weld slots are similar to Figure 
3.3(b))
Three Pass Two Pass Single Pass
80 mm 80 mm 18 mm
250 mm
Figure 3.13 Weld transverse slice for material characterization
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Figure 3.14 Orientation of extracted parent material cuboid used for optical 
metallography
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Figure 3.15 (a) Normal optical microscope image (parallel to XZ refer Figure 3.3
(a)) and (b) G rain size distribution plot
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Figure 3.16 Longitudinal optical microscope image (parallel to YZ refer Figure
3.3(a)) and (b) G rain size distribution plot
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Figure 3.17 Transverse optical microscope image (parallel to XY refer Figure 3.3(a))
and (b) G rain size distribution plot
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Figure 3.18 Optical m acrograph of (a) single weld pass (b) two weld pass and (c) 
three weld pass
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Figure 3.21 Recrystallized columnar grains at single and two pass weld boundaries
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Figure 3.23 EBSD grain orientation map (a) parent m aterial (b) three pass weld 
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Figure 3.24 EBSD pole figure (a) parent m aterial and (b) three pass weld m aterial
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Figure 3.25 Neutron diffraction pole figures for heat treated base material 
specimens of (a) y Fe {111} and (b) {200} rolling direction vertical206
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CH APTER 4 . B e n c h m a r k  W e l d m e n t
R e s i d u a l  S t r e s s  C h a r a c t e r i s a t io n
4.1 Introduction
This chapter describes how neutron diffraction was used to evaluate the residual 
stresses present in a three-pass welded plate, a benchmark test component made from 
AISI type 316L austenitic stainless steel. Residual stresses, caused by welding, arise 
because of localized thermo-cyclic plastic deformation and differential contraction in the 
materials. The presence of residual stress can have a significant impact on the 
performance of the welded structure, as described in section 2.4 of Chapter 2. An accurate 
assessment and evaluation of stress and strain in a welded benchmark component is 
important in order to improve prediction methods and to understand the role of non- 
uniform thermal cyclic plastic deformation.
Neutron diffraction is a particularly suitable experimental technique for this research 
study, since it allows non-destructive measurement of residual elastic strain through the 
whole thickness of the welded plate. The material and geometric details o f the test 
components have already been described in sections 3.1 and 3.2. Welded plate (ID 3-1 A), 
and two sets of “stress free cuboid assemblies” from two different plates (IDs 1-2B and
2-1B), were supplied for the present study. The manufacturing details of the stress free 
cuboids have been described in section 3.3. Diffraction experiments earned out by other 
members of the NeT consortium, involving several measurements on the same plate (ID
3-1 A), are listed in Table 4.1 List of residual stress measurements carried out on 3-1A 
weld plate.
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The objective of the round robin experimental measurements, using different 
techniques, performed by separate teams, was to assess the accuracy and repeatability of 
residual stress measurements on a well-controlled benchmark weldment, and to thereby 
improve the reliability of measurements. Another objective was to compare the best 
experimental characterisation with a simultaneous weld residual stress prediction round 
robin exercise, aimed at improving weld computational mechanics and simulation 
methods. For this research thesis, residual stresses in the benchmark-welded plate (ID 3- 
1 A) were measured using the VULCAN diffractometer at SNS facility, USA and ENGIN- 
X at the ISIS facility, UK. Details of these instruments have been described in section
2.4.1 of Chapter 2.
4.2 Sample and Instrument Preparations
To achieve the above objectives, and for the sake of a consistent comparison of 
experimental and simulation data, the NeT TG4 group developed protocols 172,215 for both 
measurements and simulations, defining the locations to be studied, in order of priority 
and reporting requirements.
4.2.1 NeT TG4 proposed measurement locations 
The residual stress measurement points, for the NeT TG4 weldment benchmark 
defined in the measurement protocol 172 are grouped into nine sets listed in order of 
priority, as shown below and as indicated in Figure 4.1. A total of 137 measurement 
points, were written in MatLab vector style, where a colon specifies the distance 
increment between two consecutive measurements. For example, the first priority set (line 
BD) comprises 15 points, passing through the thickness of the plate (including the three
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weld beads), where the first measurement point is located at 2 mm from the top surface 
of the plate and the following measurements are located at consecutive increments of 1 
mm (i.e. 3, 4, 5, 6, 7... and 16 mm from the top surface).
Priorities o f  measurement points: cf. Figure 4.1
1) 15 positions onlineB D : x = z = 0 ,y = [2:1:16].
2) 19 positions on line D5: x = 0, y =5, z =  [-90, -70, -50: 5: -30, -20:10:20, 30:5:50,
70.90].
3) 19 positions on line D9: x = 0, y =9, z = [-90, -70, -50: 5: -30, -20:10:20, 30:5:50,
70.90].
4) 19 positions on line D2: x = 0, y=2, z =  [-90, -70, -50: 5: -30, -20:10:20, 30:5:50, 
70, 90].
5) 15 positions on Line D16: x = 0, y = 16, z = [-90, -70, -50:10:50, 70, 90].
6) 17 positions on Line B2: x = [ -70, -50:10:-20, -15:5:15, 20:10:50, 70], y = 2, z
= 0 .
7) 8 additional positions on line B2: x = [-17.5:5:17.5], y = 2, z = 0.
8) 17 positions on Line B2: x = [ -70, -50:10:-20, -15:5:15, 20:10:50, 70], y = 16, z
=0.
9) 8 additional positions on line B2: x = [-17.5:5:17.5], y = 16, z = 0.
Following welding, due to the rippled surface of the weld bead, it was not possible to
identify exactly the origin of the welded plate at the top surface. Instead, a reference point 
on the bottom surface of the welded plate was identified precisely. Hence, the 
measurement positions, as defined by NeT TG4, are located relative to an origin at the 
bottom surface of the plate, identified with the help of a 3D laser scan and Strain Scanning 
Simulation Software (SScanSS)126.
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4.2.2 Sample alignment '
During neutron diffraction experiments, the sample geometry and its alignment in the 
diffractometers determine the precise positioning of the sample and the reliability of the 
measurements. In order to achieve alignment, the following process was used:
1. Four steel balls, each of 12 mm diameter, were glued onto each comer of the 
welded plate and away from the measurement positions. These balls were used as 
reference points for the plate and are known as fiducial markers.
2. A 3D laser line scanner (see Figure 4.2) was used to generate a virtual, three- 
dimensional computer aided design (CAD) model of the welded plate with its 
fiducial markers as shown in Figure 4.3. The x, y, z co-ordinate points for each 
fiducial marker were measured relative to the laser scanner datum.
3. The CAD model was then imported into SScanSS software in order to generate 
and simulate a measurements plan.
4. With the welded plate specimen mounted on the instrument table, a laser tracker 
on the VULCAN instmment and a laser probe on the ENGIN-X instrument were 
used to measure the co-ordinate positions of the plate’s fiducial markers to an 
accuracy within ±0.025 mm.
5. The SScanSS software merges the two different co-ordinate systems, of the 
sample and of the instrument table, into one coordinate system, so that the two 
components are aligned.
6. The table movement positions are verified with the facilities available to the user 
during the experimental process, as described in section 4.2.3.
7. Using this single co-ordinate system, SScanSS is then used to generate a series of 
co-ordinates for each proposed measurement point on the sample. Now the user
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can specify which strain components are to be measured for each specific point 
or groups of points.
8. Finally, the series of sample measurement coordinates are imported into the main 
instrument control system to automatically drive the sample table movements.
4.2.3 Sample alignm ent facilities at neutron sources
Once the sample was aligned and the coordinates for each fiducial point generated by 
SScanSS, measurement locations were verified by moving the sample table to one or 
more fiducial points, before verifying any angular misalignment by rotating the table 90° 
either in a clockwise or anti-clockwise direction. These verifications were carried out 
with the help of an optical theodolite (available at ENGIN-X, ISIS UK) and a laser tracker 
(available at VULCAN, SNS, USA; see Figure 4.2). For both the instruments, a 
positioning accuracy of ±0.05 mm was achieved for the instrument table relative to the 
beam line.
4.2.4 Instrument alignm ent calibrations
The alignment of jaws and collimator may change from one instrument user to another 
and therefore it is good practice to check the jaws and collimator alignments prior to the 
start of the experiments. This was achieved using the standard method of observing the 
diffracted neutron intensity as a pin was scanned in directions parallel and perpendicular 
to the beam with a gauge volume of 20 x 2 x 3 mm3 at the ENGIN-X instrument and 10 
x 2 x 2 mm3 at the VULCAN instrument respectively.
Calibration measurements were undertaken by measuring the diffraction spectra for 
materials of a known lattice parameter; for example iron and cerium oxide powders were 
used for the ENGIN-X experiment. Similarly, vanadium, diamond and silicon powders 
were used for the VULCAN experiment. The lattice parameters measured from the
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experiment should match with reference values in the absence of any misalignment. 
However, in practice, there will be small discrepancies between the lattice parameters 
calculated from the calibration measurement in each detector bank, and the known lattice 
parameter. These discrepancies may arise for various reasons, including small remaining 
geometric misalignments. The discrepancy is accounted for by creating bank specific 
correction constants, from the ratios of the reference values compared to the measured 
values, and by multiplying all subsequent lattice parameter measurements by these 
constants. The calibrated powders’ measurements during ISIS experiment are provided 
in Table 4.2 The ISIS instrument calibration measurements.
4 3  Stress Free Lattice Parameter (a0)
The welding process, as described in section 2.2.1, deforms the material locally
introducing residual elastic strains, which manifest as changes in lattice spacing of the
material at the crystallographic length scale. In order to determine the strained lattice
spacing, the reference unstrained lattice spacing (ao) is necessary. The stress free lattice
spacing can be measured from representative samples of material that are free from
macroscopic stress. A representative stress free sample can be obtained simply by
extracting it from an unstressed plate using a stress free cutting process. When a
sufficiently small sample is extracted from a welded component, most of the macro
stresses will be relaxed in the extracted sample. However, micro stresses within the grains
and between the grains will remain in the extracted material. Likewise any changes in
lattice parameter resulting from chemistry are unaffected by the cutting process 130’216.
Type I stresses are directionally independent, whilst type II and III are directionally
dependent. For the present study, the strained lattice parameters were evaluated using
weld and parent macro-stress free cuboids supplied by the NeT consortium. The
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manufacturing of the macro-stress free cuboids has been described in section 3.3 and the 
calculation of the lattice strain (and hence the stress) in section 2.5.
The lattice parameters of stress-free cuboids set 1-2B were measured at both 
VULCAN (SNS) and ENGIN-X (ISIS) instruments, while, the lattice parameters for 
cuboids set 2-IB were measured only at ENGIN-X.
4.3.1 VULCAN stress-free lattice param eter measurements
Each ao cuboid was mounted onto a jig and measurements were performed under both 
static and constant slow rotation conditions. The purpose of static and constant slow 
rotation of stress free cuboids is to analyse the difference in measured stress free lattice 
parameter due to difference in the number of grains diffracted from static and constant 
slow rotation conditions of stress free cuboids. The jig comprised an electronic DC 
stepper motor with a table, as shown in Figure 4.4. Throughout the experiment, the lattice 
parameters in the longitudinal and transverse directions were measured from the north 
bank (bank 1), while keeping the normal direction in common with the south bank (bank
2), as shown schematically in Figure 4.6. In order to align the cuboid with the centre of 
the neutron beam, the sample table was moved manually until the centre of the cuboid 
aligned with the centre of the laser tracker. The NeT measurement protocol recommended 
a 3 x 3 x 3 mm3 gauge volume (described in section 2.5.1) for diffraction experiments. 
This gauge volume was selected based on the grain size and the size of the cuboid. The 
minimum number of grains required in a given gauge volume, for good counting statistics 
is approx. 10,000 156,157. However, due to the lack of availability of a 3 mm collimator at- 
the VULCAN instrument, a 2 mm collimator was adopted for this experiment giving a 
gauge volume of 3x3x2 mm3. For these measurements, a counting time of approximately 
10 minutes was allocated for each measuring point.
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The ‘counting time’ is that required to achieve a high quality diffraction pattern from 
exposure of the measurement point to the neutron beam. Counting times are expressed in 
units o f micro-amps, a unit which is proportional to the number of neutrons striking the 
heavy metal target, rather than an actual time.
4.3.1.1 ao Data analysis software
Data analysis software is used to read raw data collected from the neutron detectors, 
and then plot the diffraction lattice parameter (dhkl) as a function of time of flight (TOF). 
This plotted data is used for sequential Rietveld diffraction profile refinements, or single 
peak fitting, to provide an average cell lattice parameter or hkl spacing, measured from 
the neutrons diffracted within a given gauge volume. In this present measurement, a 
Rietveld profile refinement method 217 was used for the data analysis. An example of 
Rietveld profile fitting of raw data used in the evaluation of residual stress in a welded 
plate is shown in Figure 4.5. The Rietveld refinement uses a least squares approach to 
refine a theoretical line profile, until it matches the measured profile, thus providing an 
average (unit cell) lattice spacing. The equations required to determine elastic strain from 
lattice parameter measurements have been described in section 2.5. The General Structure 
Analysis System (GSAS) and SmartWare codes were used for Rietveld profile 
refinements analysis at VULCAN. At ENGIN-X, the ISIS in-house developed Open 
Genie analysis software, with GSAS software running at the backend, was used for the 
Rietveld profile refinements 218, using the space group and the lattice parameters 
provided in Table 4.3.
4.3.1.2 VULCAN a0 results
As described above, during the VULCAN experiments, each cuboid was measured 
whilst stationary and during constant rotation about its longitudinal and transverse axes,
122
with the help of the jig, as shown in Figure 4.6. Depending on which continuous rotation 
axis is used, both bank 1 and 2 measured the average of longitudinal and normal direction, 
or the average of the transverse and normal directions. Whilst, in static mode, bank 1 
measured the longitudinal and transverse directions and bank 2 measured two normal 
directions. A total of seven measurements were obtained for each ao cuboid from each 
detector bank. Table 4.4 (a), summarises the average lattice parameter measured for each 
cuboid for the respective detector banks.
As described in section 4.3, the extraction of small coupons should have relaxed the 
Type I stresses 219. However, during an experiment, the path length from the sample to 
each bank will be different depending on the sample thickness 129. As a result, bank 
specific average lattice parameters are used here for the evaluation of residual stress in 
the welded plate. The variation in lattice parameter, in terms of micro strain, is calculated 
using equation 4.1
H E  =  *  1000000  4.1
Where ‘a’ is the measured lattice parameter and ‘ao’ is evaluated by taking an average 
of the bank specific measurements in the stationary mode and whilst under constant 
rotation. Figure 4.7-4.8 and Table 4.4 (b), illustrate the variation in the measured ao 
expressed as the apparent micro-strain in the stationary mode and for constant rotation. 
The micro strains summarised in Table 4.4(b) are the averages of the longitudinal and 
transverse micro strains measured in Bankl and the average of the normal micro strains 
measured in Bank 2. The micro strain variation for constant rotation is smaller than that 
for the static mode. In static mode, a maximum micro-strain of approximately -164 in the 
top weld ao cuboid was evident. Similarly, under constant rotation, a maximum micro 
strain of approximately -105 in the top weld ao was measured, see Figure 4.8.
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4.3.2 ENGIN-X stress free lattice parameter measurements
Both sets of aO cuboids (i.e. 1-2B and 2-IB) were mounted on a flat plate and carefully 
aligned using a theodolite. Figure 4.9 shows the cuboids glued onto the flat plate. This 
method of alignment was chosen, instead of the jig alignment used at VULCAN, as a 
result of the jig being damaged during transportation to ISIS. The same bank specific 
lattice parameter measurement approach was implemented in this experiment (i.e. 
longitudinal and transverse from bank 1, and normal from bank 2). A gauge volume of 3 
x 3 x 3 mm3 was used for this experiment. Each cuboid was rotated, at angular increments 
of 30°, anti-clockwise from 30° to -270° about its longitudinal and transverse axes. A 
counting time of 20 minutes (approximately) was used for this experiment. Open Genie 
software was used for Rietveld profile fitting, covering more than ten peaks, as shown in 
Figure 4.5, using the space group and initial lattice parameters, provided in Table 4.3.
4.3.2.1 ENGIN-X a0 results
The measured micro-strain variation in the two sets of stress free cuboids at 30°
increments of rotation about the longitudinal axis, and transverse axis, of each cuboid is
presented in Figure 4.10-4.11, for the 1-2B ao set and Figure 4.12 for the 2-IB ao set. The
average of the measured lattice parameter, at all angles for each rotational set, was used
to evaluate the variation in terms of micro strain. Table 4.5 provides the average lattice
parameters measured at 0°, 180°, 90° and 270°. Table 4.6 provides the average lattice
parameters measured and standard deviation of micro strain at all angles. The micro strain
was calculated using equation 4.1. The variations of measured micro strain in both weld
and parent cuboids were up to ±200. During the stress free cuboid experimental setup,
the possibility of the cuboid misaligning with the neutron beam is high, due to the
irregular shapes of the imperfect cuboids as seen in Figure 4.9. Therefore, the possibility
of the cuboids being incorrectly aligned was investigated, by undertaking repeat
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measurements for the weld (top) cuboid set 1-2B. These results are presented in Figure 
4.11 and show a similar trend to the original measurements. The repeated measurements 
show that the cuboids were aligned correctly and that the variation of measured micro 
strain in both weld and parent cuboids was not due to alignment problems. Further 
investigation was carried out to understand the variation in measured lattice parameters, 
by comparing the results with average lattice spacing measurements from different 
sources. Figure 4.13 shows the average lattice spacing measurement of the respective 
cuboids at different sources 220. The average lattice spacing measurements performed at 
the reactor source are higher than at the spallation sources (VULCAN and ENGIN-X). 
One of the possible reasons is that at the reactor source, only single peak (i.e. 311 peak) 
lattice spacings are measured, while at the spallation source more than 10 peak (refer to 
Figure 4.5) lattice spacing measurements are averaged. Other possible reasons for this 
difference are described in section 4.6.1.
4.3.2.2 Uncertainty of data analysis
Material factors such as texture (affecting the intensity of peaks), grain size (affecting 
the number of neutrons diffracted) and partially immersed gauge volumes (affecting the 
peaks positions) can contribute to inconsistences (scatter) in the stressed and un-stressed 
lattice parameter measurements. These inconsistences in the experimental raw data were 
analysed using an error propagation method. This method calculates the uncertainty in 
lattice measurements, strain and stress, based on the statistical uncertainties associated 
with the peak fittings, as output from the GSAS software. The derived uncertainties are 
dependent on the.measurement counting time.
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4.4 Residual stress measurement in the welded plate
The residual stress measurements of the three-pass weld austenitic stainless steel plate 
are presented in two parts:
i) VULCAN and ENGIN-X results using 1-2B ao set
ii) ENGIN-X results using 1-2B and 2-IB ao sets
In both experiments, the lattice parameters, in the longitudinal and transverse 
directions of the welded plate, were measured from the north bank (bank 1), while 
keeping the normal direction as common in the south bank (bank 2). The residual stress 
measurements were performed at prescribed positions, as recommended by the NeT TG4 
Protocol, along lines BD, D2, D5, D9 and D16 (along the welding direction) and lines B2 
and B16 (perpendicular to the welding direction) see section 4.2.1. Each prescribed line 
of measurements was performed in order to investigate the effect of the weld thermal 
cyclic deformation at different depths of material (i.e. near and far away from the heat 
source). The average value of the top weld stress free lattice parameter was used for the 
evaluation of the residual stress in the area between 0 and 3 mm from the top surface. The 
bottom weld stress free lattice parameter was used for evaluation of the residual stress in 
the area between 4 and 8 mm from the top surface. Finally, the parent stress free lattice 
parameter was used for evaluation of the residual stress in the area between 9 and 16 mm 
from the top surface.
VULCAN weld plate residual stress results using 1-2B an set
The residual stress measurements from the VULCAN and ENGIN-X instruments,
along the defined lines in the three-pass weldment (ID 3-1 A), are shown in Figure 4.14
to Figure 4.20. As the differences between the means of the rotated and non-rotated bank
specific 1-2B ao stress free values are very small (refer to Table 4.4), all stress values
were calculated using average non-rotated, bank-specific data. The average stress free
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values of the top weld, the bottom weld and the parent materials were used, depending 
on the measurement location, see section 4.2.2. The directions of the stress components 
are defined, with reference to the weld bead, as indicated in Figure 3.8.
ENGIN-X weld plate residual stress results using 1-2B and 2-1B an sets
Table 4.5 and Table 4.6, summarise the average lattice parameters and standard 
deviations of the micro strains for each cuboid. The residual stress measurements from 
the weld plate using 1-2B and 2-1B ao sets are shown in Figure 4.21. The difference 
between the measured strains and stresses, using stress free reference measurements from 
sets 1-2B and 2 -IB ao. is small. This is because the stress-free lattice parameters for sets 
2-1B and 1-2B were similar as evidenced in Table 4.6. Therefore, in the remainder of this 
thesis, only VULCAN and ENGIN-X results using cuboid set 1-2B are discussed. The 
average of eight ao measurements, i.e. two longitudinal direction measurements at 0° and 
180° and two transverse direction measurements at 0° and 180° from bank-1, were used 
for evaluating the longitudinal and transverse residual stresses in the welded plate. 
Similarly four measurements of normal stress free lattice parameters from Bank 2 were 
used for evaluating the normal residual stress.
4.5 Validation o f the Residual Stress Measurements
It is advantageous to compare the present measured residual stresses with independent
measurements made on the same weldment (ID 3-1 A) by other members o f the NeT
group 15-46-139’157’221-222 The residual stress measurements of weld plate ID 3-1A were
analysed at two different neutron reactor sources Helmholtz Zentrum Berlin (HZB) and
Forschungs Neutronenquelle Heinz Maier Leibnitz (FRM-II). Stress free cuboids (set 1-
2B), were measured at both reactor sources. At FRM-II, averages of the stress free lattice
parameter values were obtained by rotating the ao cuboids constantly around one axis as
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described in section 4.3.2.1. At HZB, averages of the stress free lattice parameter values 
were obtained by rotating the ao cuboids at different Omega angles (from 0° to 180° at 1° 
increments) during an April 2009 experiment. A repeated experiment was conducted in 
October 2009, where averages of the stress free lattice parameter values were obtained 
by continuous rotation of the ao cuboids. The measured results obtained from FRM-II and 
HZB are compared with the present ENGIN-X and VULCAN stresses in Figure 4.22-28. 
At the HZB and FRM-II reactor neutron sources, 311 peaks were used to analyse the 
residual stress in the welded plate. Figure 4.13 presents the average lattice parameters 
measured at reactor and spallation sources for 1-2B set. The possible reasons for 
differences in the measured lattice parameter are explained in section 4.6.1.
4.6 Discussion
The present study has tried to identify and understand the issues affecting residual 
stress measurements in austenitic weldments and helped to improve the reliability of 
residual stress measurements using neutron diffraction.
4.6.1 a0 analysis
Figure 4.10 to Figure 4.12 shows the variation in lattice parameters measurement 
expressed as micro-strain, with rotational angles, for stress-free reference cuboid sets 1- 
2B and 2-IB sets. The variations with angle are surprisingly high in the parent material 
(±200 micro strain). The following factors could have caused these variations:
1. The presence of crevices was evident in the reconstructed cuboids which can 
offset the centre of the sample gauge volume, as shown schematically in Figure 
4.29 in the same way that partial gauge volume immersion can generate pseudo 
strains as described in section 2.5.1 142.
128
2. The presence of super glue (containing hydrogen), used to bond the cuboid 
assemblies, can introduce pseudo strains. Hydrogen has a very large attenuation 
coefficient due to its large incoherent scattering cross section. The neutron 
weighted centre of gravity shifts (towards the neutron beam) away from the 
geometric centre of the measurement volume.
3. An inhomogeneous population of diffracting grains (i.e. average of plane D and 
B elongated grains) at angles 30°, -30°, -60°, -120°, -150°, -210° and -240°, when 
compared to the uniform grain sizes exposed at angles of 0°, 90°, 180° and 270°. 
This is shown schematically in Figure 4.30. This will have particular marked 
effect when there are anisotropy texture and grain size in the material.
4. At 30°, -30°, -60°, -120°, -150°, -210° and -240°, different elongated grain size 
(i.e. plane D, B and through thickness of the plate) will reduce minimum number 
of diffracting grains in a given gauge volume and generate pseudo strain in 
measured residual stresses 223,224.
5. The edges of the cuboids are not parallel to each other as seen in Figure 4.9. When 
ao cuboids are rotated from 0° to 180°, the possibility of a shift in the geometric 
centre of the gauge volume is high. As a result of this, the population of the grains 
changes, and the total number of grains diffracting alters with respect to the 
previous position. This effect is shown on the diagram shown in Figure 4.31
6. The segregation of solute atoms can cause a steep variation in the strain free lattice 
spacing of the parent material ,
7. At the spallation source the detectors are fixed, however at the reactor source the 
detectors are not fixed. The possibility of misalignment of detectors and imperfect 
alignment of ao cuboids 143 is high, due to imperfect edges of cuboids.
129
In comparison to the parent ao cuboids, in welded ao cuboids the micro-stresses will be 
moderately high, due to the presence of bigger grains and chemical variations in the weld 
metal. In addition the presence of texture in the weld metal can lead to higher error in 
profile or single peak data analysis. Also, generation of significant pseudo strains can
117 131 225occurs, due to bigger grain size ’ ’ . The 1-2B weld ao cuboid showed higher micro­
strain uncertainties in comparison to the 2-IB weld ao cuboid. The reasons for such 
uncertainties in ao weld values could be associated with following effects.
i) As described in section 3.2.3, the 1-2B stress free cuboids were extracted 
from the 1-2B trial plate, while 2 -IB cuboids were extracted from the 2- 
1B three pass welded plate. In the 1-2B trial plate weld slots were 
manufactured very close to each other and due to this, the sequence of weld 
deposits in each slot interacted with each other. As a result of this, the 
material’s plastic deformation was significantly higher in comparison to 
that of the three-pass weld plate. Figure 4.32 shows evidence of the 
interaction of the weld thermal cyclic loading for each slot, revealed by 
Vickers hardness measurements.
During the ao extraction process, the macroscopic unloading of stress 
may transfer unequal loads to the surrounding grains, due to the 
anisotropic stress-strain properties of the grains. The unloading process 
may induce elastic strain of those grains located adjacent to plastically 
strained grains. This in turn hinders elastic relaxation and leads to a change 
in the intergranular stress, between the welded plate and the welded ao 
samples. These intergranular stress states will have a significant effect on 
evaluation of residual stress of the welded plate at a reactor source 140.
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ii) The 2-1 B ao cuboids were extracted from one of the seven welded plates. 
These plates were solution annealed before welding; hence, any strain 
developed, due to the machining process, was relaxed, unlike the 1-2B ao 
cuboids.
iii) The 2-1B parent ao cuboids have much higher measured macro strain than
1-2B ao cuboids see Figure 4.10(c) and Figure 4.12(c). This is due to the
2-IB parent cuboid being heavily coated with paint and super glue 
(containing hydrogen) see Figure 4.9. Due to this, the 2-IB parent cuboid 
assemblies introduce higher pseudo strains than the 1-2B parent cuboid 
assemblies.
4.6.2 W eld residual stress
Line BD: The aim of performing the line BD measurements was to measure the 
distribution of stress through the 18mm thickness o f plate, and to also understand the 
effect of the non-uniform thermal cyclic deformation through the thickness of the 
specimen. Figure 4.14, shows the measured residual stress profiles in the longitudinal, 
transverse and normal directions along line BD. The longitudinal and transverse stresses 
measured at VULCAN and ENGIN-X increased gradually from the bottom of the plate 
to the fusion boundary (i.e. 6 mm) and reduce slightly from the fusion boundary to the 
weld cap (2mm). However, the normal stresses measured at VULCAN and ENGIN-X 
remain constantly below ±60MPa from the bottom of the plate to the weld cap. The 
variation between ENGIN-X and VULCAN stress measurements is typically, 
approximately ±50 MPa. However, at two specific measurement points; at 6 and 7 mm 
from the top surface, there is a greater variation of stress, up to 100 MPa (c.f. Figure 4.14). 
ENGIN-X longitudinal stress appears to be systematically higher than VULCAN 
longitudinal stress.
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Figure 4.22, compares measured stresses along line BD, obtained from different 
neutron diffraction experiments at HZB, FRMII, SNS and ISIS. The residual stress 
measurement profiles, even though from different instruments, follow a similar trend. 
However, in the area below the weld between 6 and 18 mm from the top surface, the 
variation in measured magnitude in the longitudinal direction is high (up to 150MPa). An 
important contributor to these variations is the uncertainty in the stress free measurements 
as discussed earlier. In addition, the reactor source is only sampling a single 311 peak, 
whereas the spallation source samples several reflections covering more than 10 peaks.
Line D 2\ The aim of taking line D2 measurements was to evaluate the residual stress 
distribution, along the welding direction in the plate, associated with the final weld pass. 
The line is located only 2 mm below the surface of the plate. In Figure 4.15, it is clear 
from the results that significant tensile residual stresses have developed in all three 
directions, in the vicinity of the three-pass weld deposit. The longitudinal residual stress 
profile exhibits a high magnitude of tensile stress along the welded region balanced by 
compressive stress in the bulk material. At the weld start and stop positions, more 
pronounced peaks in the residual stress profiles are noticed. At the weld start, the 
deposition of the weld filler material will be continuous only when the required arc 
voltage has been established. Similarly, at the weld stop, the deposition of filler material 
terminates only when the arc voltage drops below threshold voltage. During this period
of time, the transient nature of the temperature field will lead to localised differences in
. . . .  ~>~>1 microstructure and strain history "  .
In the longitudinal direction, the VULCAN results are showing a clear stress peak at 
the weld start and stop (i.e. -40 and +40 mm). The longitudinal stress variation between 
the spallation (VULCAN) and the reactor source (FRM-II and HZB) was about ±50MPa 
as shown in Figure 4.23. In the transverse direction, both the spallation and reactor source
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measurements in the parent zone are in good agreement but in vicinity of weld material
i.e. from -40 to 40 mm the variation between the spallation and reactor source was about 
±50MPa. Similarly in the normal direction the stress measured at spallation and HZB 
reactor source shows variation of ±50MPa, while FRM-II shows variation of ±100MPa.
Line D 5 : The line D5 measurements were performed in order to quantify the extent to 
which the first weld pass metal has cyclically hardened as a result o f localized heating 
associated with the second and third weld passes. The line was located 5 mm below the 
surface of the plate. Figure 4.16 shows a similar trend in residual stress results as occurred 
in line D2 measurement results. The ENGIN-X and VULCAN results along line D5 are 
in reasonably good agreement with each other, except in the normal direction (just prior 
to the weld stop) at 20 and 30 mm see Figure 4.16. The residual stress measurements, 
made at the different sources, along line D5, are compared in Figure 4.24. The stress 
profiles in the longitudinal, transverse and normal directions show small variations, 
except at 30mm and -30 mm as seen in Figure 4.24.
Line D 9\ The aim of taking the line D9 measurement was to quantify the extent to 
which the parent metal has cyclically hardened as a result of localized heating associated 
with three weld deposits. As described in section 2.2.1, this zone is expected to have 
cyclically yielded. Figure 4.17 shows the residual stress results of the long line D9. The 
ENGIN-X measurements along line D9, at a depth of 9 mm, as shown in Figure 4.17, 
indicate residual stress levels up to 50 MPa greater than the VULCAN results. The 
material in the area between -30 mm and 30 mm from the weld mid-length, parallel 
(longitudinal) and perpendicular (transverse) to the welding direction, has undergone 
cyclic yielding and developed a maximum residual stress of 350 (±50) MPa.
133
In the longitudinal direction, the ISIS, FRMII and HZB results are in good agreement 
as seen in Figure 4.25. While in the transverse and normal direction the residual stresses 
measured at different neutron sources correlated very well with each other.
Line D16: The aim of taking the line D16 measurement was to analyse the elastic strain 
developed due to the distortion of plate and the effect of multi-pass welding 113,114. 
Line D16 is located 16 mm below the surface of the plate. The ENGIN-X measured 
stresses along line D 16 are up to 100 MPa higher than the VULCAN data, and this is 
shown in Figure 4.18. The most marked discrepancy is in the longitudinal direction 
distance between Z = -70 mm to +20 mm. The longitudinal stress profile rises smoothly 
from approximately zero, at both ends of the line, to a central maximum of 250 MPa 
(±50). The transverse component lies within the range ±100 MPa throughout the length 
of the line, with an abrupt increase from -100 MPa to 100 MPa at between -40 and 40 
mm. The residual stress measurements taken along line D16, at the different neutron 
sources are presented in
Figure 4.26. The ENGIN-X residual stress measurement profile, in all three directions, 
showed higher variations when compared to the other measurements already taken.
Line B2\ The aim of taking the line B2 measurements was to understand the effect of 
radial weld thennal heating. Rosenthal has described that the weld heat distribution, in a 
plane perpendicular to the heat source, is defined radially from the centre of the heat 
source 42. Hence, the weld heat will be at a maximum nearest to the heat source and 
gradually decreases as we move away from heat source. As a result, the material nearest 
the heat source deforms cyclically, thereby developing tensile stress, while at the far end 
of the plate, balancing compressive stresses have developed. The residual stress results 
along line B2 are presented in Figure 4.19. Line B2 is located 2 mm below the surface of 
the plate (c.f. Figure 4.3 Three dimensional point cloud mesh of test specimen with
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fiducial points). The ENGIN-X residual stress measurements along line B2 are generally 
in good agreement with the VULCAN results. The residual stress measurements along 
line B2 as taken at the different neutron diffraction sources are presented in Figure 4.27. 
The stresses along line B2 follow a similar trend of profile to earlier results.
Line B16: The reasons for taking line B 16 measurements are the same as those for line 
D16. Line B16 is located 16 mm below the surface o f the plate (c.f. Figure 4.3). The 
longitudinal and transverse stress profiles along this line again reveal compressive 
stresses towards the ends o f the line, with more tensile stresses in the broader central 
region see Figure 4.20. The longitudinal stress has a value of approximately -200 MPa 
at either end of the line, rising to 200 MPa in the broader central region covering the 
distance -20 mm to 20 mm. The transverse component is approximately zero outside of 
this central region, and ~50 MPa within it. The normal component is between -50 Mpa 
and 0 MPa throughout the length of the line, but with an apparent, slight increase in the 
central region. The residual stress measurements along line B16 as taken at the different 
neutron diffraction sources are presented in Figure 4.28. In all three directions, the stress 
profiles along line B 16 are in good agreement with the FRM-II results.
To summarize, at both experiments (VULCAN and ENGIN-X) three orthogonal 
components of stress were measured at different depths in the welded plate covering a 
minimum of 76 common locations on the 3-1A welded plate. The residual stress 
measurement carried out at the spallation sources showed a variation of approximately 
±50MPa in all three orthogonal components. However, the measurements performed at 
neutron spallation sources and reactor sources showed difference of approximately 
±100MPa. Further investigations need to be carried out to understand the possible 
contributions to these.
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4.7 Difference in lattice parameter measured at VULCAN
and ENGIN-X experiments
In this section the potential origins of the difference between the measured residual 
stress from ENGIN-X to VULCAN are discussed. At both instruments a LiF /ZnS 
scintillator detector type was used to monitor the diffracted neutrons 121,123 Further details 
of the instruments design and layout are described in section 2.4.2. Table 4.7 summarises 
the average differences in bank-specific measured lattice parameters and micro strain for 
the same stress free cuboids. The measured lattice parameter difference for the top weld 
ao cuboid is approximately 0.0004 A from bank 1, and the measured lattice parameter 
difference for the bottom weld and parent ao’s cuboid is approximately 0.0004 A, which 
approximately equates to ±350 micro strain. The average lattice parameter difference for 
the bottom and parent ao cuboid from bank 1 is 0.00002 A and 0.000005 A respectively, 
while from bank 2 the top weld ao cuboid is 0.000075 A.
Similarly the residual stress measurements along line BD and line D9 from ENGIN-X 
and VULCAN show large apparent discrepancies in the measured stress. The underlying 
reason for these discrepancies was investigated further by comparing the lattice parameter 
measurements as shown in Figure 4.33. The averages of the differences in lattice 
parameters, for the longitudinal and transverse directions (measured from bank 1) are
0.0000102 A and 0.0000012 A respectively. While for the normal direction (measured 
from bank 2), the average of the differences in lattice parameters is 0.0007483 A which 
is much greater and approximately equal to ±640 micro-strain.
The lattice parameter difference in bank 2 is much higher than bank 1 for both stress 
free cuboids and welded plate. The difference in lattice parameter measurements between 
the instruments is one of the main contributors to the variation in residual stress from one
136
experimental measurement to other. The difference in lattice parameter for bank 2 may 
be related to technical issues such as malfunction of electronic circuit o f the bank 2 
detector or software issues in analysing the raw data from the bank 2 detector. These 
technical issues will affect in recording TOF of neutron during experiments or detector 
software interpretation the recording raw data wrongly. Further investigation is required 
to understand the problem and to identify which instrument detector may have technical 
issues. However, the micro strain variation, resulting from the different lattice parameters 
measured in Bank 2, as seen in Figure 4.33(c), is not visible in Figure 4.33(d), because 
differences in absolute magnitude of the lattice parameters measured in Bank 2, are 
compensated for by using bank specific stress free reference measurements.
4.8 Conclusions
Residual stress measurements on the NeT TG4 benchmark specimen ID 3-1A were 
carried out at the neutron spallation sources at the ISIS facilities (UK) and SNS facilities 
(USA). At both experiments, three orthogonal components of stress were measured at 76 
common locations on the same plate. Significant variations in stress free lattice 
parameters were measured in both weld and parent materials; up to ±200 micro strain 
relative to the average value. However, by averaging the multiple measurements (i.e. bank 
specific) at different angles, a representative stress free lattice parameter was provided.
The ENGIN-X and VULCAN stress measurement results, shown here, are comparable 
with those measurements earned out by the other NeT members, at different source 
experiments, on the same test specimen. Many of the residual stress measurements from 
the spallation and reactor source experiments vary within ±100 MPa. The following are 
judged to be the main causes for the variations in measured residual stress.
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1. Differences in the measured lattice parameter of stress free cuboids for both parent 
material and weld metal.
2. The observed variation in stress free lattice parameters may be associated with 
crevices and the use of super glue to create assembled stress free cuboids of 
irregular shape that are difficult to align. The use of such composite cuboids 
should be avoided in future.
3. Another possible contribution to the variation of residual stress measured at 
reactor neutron sources versus spallation neutron sources comes from the 
manufacturing history of the welded plates from which the stress free cuboids 
were extracted.
4. The Bank 2 lattice parameters measurements appear to show a large systematic 
difference between the ENGIN-X and VULCAN facilities that should be 
investigated further.
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4.10 Figures
Figure 4.1 M easurem ent position m arked on a v irtual model of TG4 test specimen 
3-1A according to priorities list
Line B16
ti
Line B2
Line D9
 * Line D16
Figure 4.2 Laser scanner (left), laser tracker (right)
Line BD
-Ll-ne- D- 2-  Line D5: : U m -
 k  * A  -4. 4  -
143
Figure 4.3 Three dimensional point cloud mesh of test specimen with fiducial points
Fiducial
Figure 4.4 ao Cuboid on Jig (left) and weld plate ID 3-1A (right) at VULCAN 
instrum ent
Transverse
At
Longitudinal
VULCAN instrument: Welded plate setupJig
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Figure 4.5 The GSAS profile fitting by covering more than 10 peaks
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Figure 4.6 Schematic diagrams showing the directions within the stress free 
reference specimens in which the cell lattice parameter was measured in each 
detector Bank 1 (North) and Bank 2 (South) (a) Rotation about transverse axis (b) 
Rotation about longitudinal axis
Normal
Neutrons
Longitudinal
531,
Bank 1Bank 2
180'
270'
Rotation about 
Transverse (X) direction
(a)
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NeutronsNormal
,Q2
Q1 Transverse
Bank Bank 1
270 '
Rotation about 
Longitudinal (Z) direction
(b)
Figure 4.7 Measured micro strain of 1-2B cuboids when stationary (VULCAN)
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Figure 4.8 Measured micro strain of 1-2B cuboids under constant rotation 
(VULCAN)
• Longitudinal Axis
♦ Transverse Axis
x A verage o f Longitudiraal and Transverse Axis
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Top W eld  B ottom  W eld  P arent
1-2B Stress Free Cuboid
Note Bank 1 and 2 measured Longitudinal, Transverse and Normal depending on the 
rotation axis
Figure 4.9 Stress free reference specimens mounted for measurements at ENGIN-X 
instrument in order (left to right): weld (top), weld (bottom) and parent for set 1-2B 
and set 2-1B
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Figure 4.10 Variation in measured micro strain with angle of rotation of the stress
free reference specimens 1-2B for (a) weld (top); (b) weld (bottom) and (c) parent
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Figure 4.11 Re-measured variation in measured micro-strain of the weld (top) stress
free reference specimen 1-2B
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Figure 4.12 Variation in measured micro strain with angle of rotation of the stress free
reference specimens 2-1B for (a) weld (top) (b) weld (bottom) and (c) parent
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Figure 4.13 Variation in measured ’a’ spacing of stress free cuboids at different sources
o f'b* ® Reactor Source (HZB and FRMII)
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Figure 4.14 Residual stresses through the thickness of the plate along line BD,
measured at ENGIN-X (ISIS) and VULCAN (SNS), using 1-2B ao cuboids
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Figure 4.15 Residual stresses 2 mm below the top surface along line D2, measured at 
VULCAN (SNS), using unstressed lattice parameter of 1-2B aO cuboids
5 0 0
Litfe D;
4 5 0 -^■SNS Longitudinal 1-2B
4 0 0
SNS Transverse 1-2B3 5 0
3 00
-*-SN S Normal 1-2B2 5 0
200
| j  150
100CD  
(/> O &_
W
-50
-100
-1 5 0  tx
-200
-2 5 0
-3 0 0
-1 0 0  -9 0 -8 0  -7 0  -6 0  -5 0  -40  -3 0  -2 0  - 1 0 _ , 0  . 1 0  20  3 0  4 0  50  60  7 0  80  9 0  100
Z (mm)
152
Figure 4.16 Comparison of residual stresses 5 mm below the top surface along line D5,
measured at ENGIN-X (ISIS) and VULCAN (SNS), using 1-2B a0 cuboids
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Figure 4.17 Comparison of residual stresses 9 mm below the top surface along line D9 
measured at ENGIN-X(ISIS) and VULCAN (SNS) using 1-2B aO cuboids
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Figure 4.18 Comparison of residual stresses 16mm below the top surface along line
D16, measured at ENGIN-X (ISIS) and VULCAN (SNS), 1-2B a0 cuboids
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Figure 4.19 Comparison of residual stresses 2 mm below the top surface along line B2, 
measured at ENGIN-X (ISIS) and VULCAN (SNS), using 1-2B a0 cuboids
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Figure 4.20 Residual stresses 16mm below the top surface along line B16 measured at 
VULCAN (SNS), using unstressed lattice parameter of 1-2B ao cuboids
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Figure 4.21 ENGIN-X: (a) measured micro strain and (b) residual stress measurement 
along line BD, using 1-2B and 2-1B ao cuboids
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Figure 4.22 Line BD: Comparison of residual stress measured at different neutron 
source (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.23 Line D2: Comparison of residual stress measured at different neutron
sources (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.24 Line D5: Comparison of residual stress measured at different neutron 
source (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.25 Line D9: Comparison of residual stress measured at different neutron
sources (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.26 Line D16: Comparison of residual stress measured at different neutron 
sources (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.27 Line B2: Comparison of residual stress measured at different neutron
sources (a) Longitudinal (b) Transverse and (c) Normal
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Figure 4.28 Line B16: Comparison of residual stress measured at different neutron
sources (a) Longitudinal (b) Transverse and (c) Normal
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Gauge Volume
Figure 4.29 Crevice effect on gauge volume
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Figure 4.30 (a) Gauge volume m easuring grains in only one plane (i.e. Plane D or Plane 
B refer Figure 3.3 (a)) at 0°, 180°, 90° and 270° and (b) gauge volume m easuring 
average of two plane ( i.e. plane D and B) at 30°, 60°, 120°, 150°, 210°, 240° and 300°
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Figure 4.32 Vickers hardness test on weld trail plate 1-2B
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Figure 4.33 Line BD comparison of measured lattice param eters from SNS (VULCAN) 
and ISIS (ENGIN-X) in: (a) Longitudinal direction; (b) Transverse direction; (c) 
Normal direction and (d) Micro strain
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CHAPTER 5. C y c l ic  D e f o r m a t io n  B e h a v io u r
5.1 Introduction
Finite element (FE) analysis is widely used for predicting heat transfer, fluid flow, stress 
distributions and dynamic behaviour in the design o f power station pressure vessel and 
piping systems. Increasingly, the technique is being applied to characterise residual stresses
oo o  o o o  o o nin welded structures where they may impact the life or integrity o f plant ’ “ . However, 
the accuracy o f weld simulation predictions is normally reliant on the input material 
properties, the definition of the constitutive elastic-plastic material model, and the 
considered assumptions o f the simulation 171. Some elastic-plastic hardening models 
commonly used have been introduced in section 2.3.5 o f Chapter 2.
FE predictions o f cyclic stress-strain behaviour have been validated with experimental 
cyclic stress-strain data 11_17, and the fitted model parameters implemented in simulations of 
material and structural behaviour to predict weld residual stresses. This chapter investigates 
the influence o f strain rate, and the type of loading cycle, on the stress versus strain properties 
o f 3 16L austenitic stainless steel that need to be modelled in weld residual stress simulations. 
This chapter first introduces the parameters to be studied, then describes the experimental 
work, followed by modelling and discussion of the results.
5.2 Choice o f Test Conditions
Weld thermal loading effectively cyclically deforms material surrounding the heat source 
under displacement control. Depending on the proximity to the heat source, material will 
experience different strain ranges and strain rates due to the non-uniform time dependent 
weld thermal gradients. The strain hardening of the material varies depending on the applied 
strain range, strain rate and temperature. Therefore, in testing to determine the cyclic
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deformation properties of a material it is very important to select an appropriate strain range, 
strain fate and temperature. Material surrounding the weld heat source will first expand and 
experience compressive strain due to constraint from material away from the heat source. In 
contrast, during weld cooling, the material will contract with decreasing temperature, but is 
constrained by the surrounding material. As a result of this, tensile strains are developed in 
the material. In this research study, in order to replicate weld deformation behaviour, the 
parent material is cyclically defoimed in compression-tension cycles. Table 5.1 lists the 
strain controlled cyclic deformation tests of solution annealed parent material carried out at 
both room and high temperatures.
5.2.1 Strain range
Strain ranges of ±1.25% for symmetric cyclic deformation, and -1.25% to 0.02% for 
asymmetric cyclic deformation of parent material at both room and high temperature were 
adopted. In multi-pass welding, the strain range of the weld defoimation cycle generally 
reduces from one weld deposit to next with increasing distance from heat source, as 
described in section 2.2.1 of Chapter 2. Depending on the weld heat input parameters, the 
highest plastic strain range is observed close to the fusion boundary; during the welding of 
austenitic stainless steel this is of the order of ±2.5% 63. Due to the limited material available 
and the.high probability of losing data due to specimen buckling at high temperature, a strain 
range of ±1.25% was adopted for this research study. This is expected to be close to the 
mean strain range of multiple weld passes. For asymmetric cyclic loading approximately one 
half of the symmetric strain range was chosen.
5.2.2 Temperature
The accumulated plastic strain due to each weld pass contributes to cyclic work hardening 
of the material. However, at high temperature, the material can experience dynamic
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recovery, annealing and softening. This can reduce the strain introduced at lower 
temperatures. The cooling rate of the weld metal decreases very slowly from 600°C to room 
temperature. In the temperature range 650°C-300°C austenitic stainless steel 316L (N) 
experiences Dynamic Strain Ageing (DSA). As described in section 2.3.3 of Chapter 2, with 
decreasing strain rate (i.e. cooling rate) the material gets more strain hardened than at a fast 
strain rate. In this research study cyclic defoimation tests of parent material were performed 
at 550°C. The reasons for selecting this temperature are; (a) above 600°C the recovery of 
the plastic deformation of material is high and (b) there is a higher risk of sample buckling 
during compression loading at higher temperatures.
5.2.3 Strain rate
As described in section 2.2.1 of Chapter 2, the heating rate and cooling rate of weld metal 
varies with distance from the heat source. Likewise, the plastic strain rate associated with 
the welding process varies during weld heating and cooling cycles. The strain rate during 
heating is in excess of l x l 0 _2/sec , and during cooling reaches lxlO _3/sec between 750°C 
and 350°C and falls steadily as the temperature drops 63. In this research study, due to 
limitations of the test machine, strain rates of 4 x l0 _4/sec and 4xl0~5/sec were selected for 
the cyclic deformation tests. Details of the design, extraction and heat treatment of the test 
samples has been given in section 3.3. Using an Instron 8862, the test samples were 
cyclically deformed at both room and elevated temperatures (550°C). Details of the cyclic 
loading experimental setup are given in section 5.3.
5.3 Cyclic Stress-Strain Tests
The British standard BS7270208 was followed for the program of cyclic deformation tests 
performed at room and high temperatures. An Instron 8862 slow strain servo electric test 
instrument with a lOOkN capacity and equipped with a heating furnace was used for all the
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tests. The alignment of the slow strain cyclic loading instrument is very important in 
avoiding buckling of the samples, and to ensure a uniform distribution of load is applied to 
the gauge volume of each sample. The instrument was aligned according to ASTM E l012- 
14231. Alignment was achieved by using a sample fitted with eight strain gauges (as shown 
in Figure 5.1), and using Instron AlignPro (IAP) fixture equipment and software ~ . Linear 
strain gauges EA-09-062AQ-350/E were spaced at 90° intervals around the circumference, 
glued with M-Bond 600 adhesive and protected with M-Coat C (both made by Vishay 
Precision Group Ltd). The strain gauges were aligned parallel to the long axis of the test 
specimen, with a tolerance of ±2 degrees. The IAP software allows the user to correct for 
both concentric and angular misalignment, whilst the sample is preloaded at between 50-100 
N.
A Eurotherm-3216 electronic controller was used to control the furnace to maintain a 
uniform temperature. Two calibrated n-type thermocouples were used to monitor the 
specimen temperature for the high temperature tests. These thermocouples were connected 
at both ends of the gauge volume of the sample with the help of clamps, as shown in Figure 
5.2. The cyclic loading tests were programmed using Instron Bluehill software. Symmetric 
cyclic deformation is routinely used in examining the mechanical properties of materials 
where the sample is deformed, as shown in Figure 5.3. However, this is not representative 
of the asymmetric cycle deformation experienced close to real welds. In this research study, 
a new approach of asymmetric cyclic deformation, as shown in Figure 5.4 Asymmetric 
cyclic loading with the first cycle loading in compression (a) stress vs strain loops (b) strain 
vs time was adopted.
5.3.1 Asymmetric cyclic deformation
As seen in Figure 5.4, an asymmetric cyclic test begins with compression, following the 
path from tA" to *B' in the figure. Between *A’ and ‘IT, the sample is deformed in
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compression up to -1.25% and then unloaded from ‘B ’ to ‘C \ However, from point ‘C ’ 
onwards, at each increment of tensile strain, the Bluehill software measures the strain 
difference between point ‘C ’ and current strain, to evaluate whether the desired relative 
strain range to ‘D ’ is achieved or not. Once the desired relative strain range ‘D ’ is achieved, 
unloading commences from point ‘D ’ to tE \  From point ‘£”, the deformation of the sample 
continues under relative strain control. This type of asymmetric cyclic deformation is more 
representative of predicted real weld asymmetric cyclic loading as shown in Figure 5.5 66. 
Symmetric cyclic loading test results, at both room and high temperature (550°C), are given 
in Figure 5.6-5.8. Similarly, the asymmetric cyclic loading test results, at both room and 
high temperature, are presented in Figure 5.9-5.13. The results were described in section 
5.5.1. All experimental cyclic tests were performed on ‘solution annealed’ parent material. 
These experimental test results are used to assess the performance of finite element 
simulation of welding cycles based on a Lemaitre Chaboche hardening model 109 fitted to 
symmetric cycle stress-strain data.
5.4 Finite Element Modelling O f Cyclic Loading
This section describes FE analysis performed to predict the hysteresis loops (i.e. stress vs 
strain curves) resulting from the symmetric and asymmetric cyclic loading tests at room and 
high temperatures. The simulations were carried out using Abaqus FE software. Figure 5.14 
shows a schematic of the geometry simulated. To simplify the simulations, an axisymmetric 
model was used with a symmetry plane at the sample mid-length as shown in Figure 5.14. 
Second order quadrilateral elements with reduced integration were used. A total of 2625 
elements were generated to create a uniform mesh of element size 0.1 mm. Using the Abaqus 
tabular amplitude function, the sample loading was defined by applying a cycling 
displacement on the top edge of the model, as shown in Figure 5.14.
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The displacement for the asymmetric cyclic loading simulation was based on the 
experimental strain range (i.e. -1.25% to 0.02%). The temperature was set at 25°C and 550°C 
for the room and high temperatures models, respectively. An accurate elastic-plastic 
constitutive material model is required to achieve reliable stress vs strain FE prediction for 
symmetric and asymmetric cyclic hardening tests. A 5-parameter mixed hardening (refer to 
section 2.3.5 of Chapter 2) Lemaitre-Chaboche 109 model is provided in Abaqus 24,46 and was 
used in FE analysis. The mixed hardening model is designed to predict the stress-strain curve 
at high accuracy in comparison to other models24,178. Chaboche parameters for the NeT TG4
9 9316L(N) stainless steel from Muransky were used in the present analysis, see Table 5.2. 
Here it should be noted that Muransky ‘ fitted his model to symmetric cyclic stress-stram 
data (strain range ±1.5% and strain rate 4><10'4/sec) relevant to the NeT TG4 components.
It is worth mentioning that the mixed hardening model takes into account both the 
Bauschinger effect and cyclic hardening. Before simulating the behaviour of the test, the
9 9cyclic stress-strain results of Muransky were reproduced, see Figure 5.15. Predicted stress- 
strain behaviour for symmetric vs asymmetric cyclic tests based on the Muransky model is 
presented in Figure 5.16. Table 5.3 summarises the materials cyclic test data used for 
deriving the five parameters of the mixed hardening model. The kinematic hardening 
parameters C j  and y j  were fitted to the monotonic tensile tests results up to 5% true plastic 
strain for the parent material, and 2% for the weld metal as recommended in the R6 
procedures171. Whilst, from the cyclic test data, the locus of the peak stress values, of each 
half cycle, versus the cumulative plastic strain, was used for fitting the isotropic hardening 
of the material. For isotropic hardening, the parameters Qx and b are defined from the second 
cycle of symmetric cyclic loading. Optimized parameters for the mixed hardening model for 
316L stainless steel have been fitted by Smith e t.a l.21,233 so, these parameters are validated 
and should be capable of predicting the stress-strain curve accurately.
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5.5 Discussion
The material hardening constitutive model used in weld FE simulation has a crucial 
influence on the accuracy of predicted residual stress and plastic strains in welded joints. 
The input parameters for a hardening model are usually evaluated from the symmetric strain 
controlled cyclic and monotonic tensile test data 22>m. However, in real welding processes 
the material undergoes asymmetric cyclic hardening, see Figure 5.5. The tests show that 
asymmetric cyclic deformation exhibits a different hardening rate in comparison to 
symmetric cyclic loading; refer Figure 5.18 and Figure 5.20. The symmetric cyclic tests of 
316L (N) material at both room and high temperature show a higher strain hardening rate 
than the corresponding asymmetric tests. This suggests that in welding simulations, more 
accurate results might be obtained from using a mixed hardening model where the input 
parameters are derived from asymmetric cyclic hardening test data.
According to the Rosenthal equation (see section 2.2.1 of Chapter 2), near the weld heat 
source, the peak temperature achieved during a weld thermal cycle is very high. The initial 
cooling rate during the weld thermal cycle is also very fast, due to the heat sink of 
surrounding parent material. However, as the distance from the weld increases, both the peak 
temperature and the cooling rate decrease 46. Therefore, in a real welding process the heating 
and cooling rates (and hence the strain rate) are non-uniform throughout the sample. Most 
of the material hardening leading to tensile stress occurs during the cooling process. At 
temperatures between 650°C to 300°C, the austenitic stainless steel exhibits Dynamic Strain 
Ageing (DSA), see the serrated stress strain curve in Figure 5.8. While in this range of 
temperature, the material experiencing a faster strain rate will exhibit less strain hardening 
than that subjected to a slower strain rate, due to DSA. Thus, it is very important to test at 
representative strain rates in this temperature range when generating data for calibrating 
material hardening models.
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5.5.1 Discussion on experimental results
Figure 5.6 presents stress-strain results for symmetric cyclic loading at room temperature 
for a strain range of ±1.25% (strain rate 4><10'4/sec) and ±1.0% (strain rate 4><10'5/sec). It is 
clear from the figure, that the material strain hardens more with a strain range of ±1.25% 
than with ±1.0%. In addition, the faster strain rate, 4x 10'5/sec, increases the strain hardening. 
The effect of strain rate is clearly evident in the first compression cycle, with the higher 
strain rate giving greater monotonic strain hardening. At room temperature, material 
deforming at a faster strain rate accelerates dislocations, piling up at grain boundaries and 
increasing dislocation interactions with defects more than in the material deformed at the 
slower strain rate.
During welding, both the peak temperature and the cooling rate in the parent material 
decrease gradually with an increasing number Of passes, due to the increasing distance from 
the heat source. As a result of this, as each weld is deposited, the material cyclically strain 
hardens over a different strain range and at different strain rates, for example see Figure 5.5. 
However, most weld simulations material mixed hardening models are based on constant 
strain rate, constant symmetric strain range cyclic data 21 >22’46’233. However, the present 
results show that strain rate at room temperature has a significant effect on hardening 
behaviour see Figure 5.6.
After six cycles of symmetric deformation of 316L(N) material, (i.e. 30% to 40% 
cumulative plastic strain), the rate of strain hardening of the material is much lower than in 
the first three cycles (Figure 5.6). This is because, during the initial cycles, the rate of 
increasing dislocations density, interactions between them and pile up of dislocation at grain 
boundary is high in comparison to later cycles (>3 cycles), due to planar slip mode (refer 
section 2.3.4). In planar slip mode, the activation of secondary slip (including cross slip) is
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very difficult. As a consequence of this, higher dislocation density is noticed at the grain 
boundary.
Pham et al. 27 177s dislocation structure studies in cyclically deformed 316L material, have 
clearly indicated the formation of a higher density of planar dislocation structures piled up 
at the grain boundary, with the help of TEM analysis. However, with an increasing number 
of cycles, the applied energy is consumed by changing the dislocation structures, activating 
more slip planes and annihilation of dislocations etc.
Figure 5.7 shows a comparison between the symmetric cyclic deformation results, tested 
at 25°C versus 550°C, at a strain range of ± 1.25% and a strain rate of 4><10'4/sec. At high 
temperatures, the material has lower monotonic yield strength in compression than at room 
temperature, and cyclically hardens more, due to DSA (ref section 2.3.3). However, it is 
evident that the rate of cyclic hardening decreases significantly from the eighth cycle 
onwards. Figure 5.8 shows the effect of strain rate on cyclic hardening of the material tested 
at 550°C, due to DSA (see Section 2.3.3). At high temperatures, the cyclic deformation of 
the material at a faster strain rate exhibits a low yield point and lower strain hardening than 
the material deformed at slower strain rates.
At slower strain rates, the mobility of dislocations reduced due to the pinning effect of 
the formation of solute atmosphere around dislocations (refer section 2.3.3). In such 
circumstances, in order to maintain the stress flow, additional dislocations are generated, 
which results in higher strain hardening of the material. As a consequence, the material 
undergoes more strain hardening at a slower strain rate than at a fast strain rate, due to 
dynamic strain ageing (refer section 2.3.3). The effect of dynamic strain ageing at a slow 
strain rate becomes more significant from the third cycle onwards. This is because, with 
increasing numbers of cycles, the dislocation density and the interaction of solute atom with 
dislocations increases, as a result material gets more strain hardened. Figure 5.9 and Figure
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5.10 shows the results from asymmetric cyclic loading performed at room and high 
temperature. These results are compared with symmetric cyclic loading, both at a strain rate 
of 4><10'4/sec. It can be observed from the obtained results, asymmetric cyclic deformed 
materials are less strain hardened than those undergone through symmetric cyclic 
deformation (see Figure 5.18 and Figure 5.20).
The first monotonic compression (i.e. elastic deformation) of asymmetric cyclic loading 
(see Figure 5.9) does not match with symmetric cyclic loading. This is due to the formation 
of steps as described in section 3.3.1 of Chapter 3. However, in comparison to symmetric 
cyclic hardening at room temperature, the strain hardening of material in asymmetric cyclic 
deformations is significantly lower (see Figure 5.9 (a)). A similar difference is seen at high 
temperature (see Figure 5.10). At high temperature, the material is relatively soft in 
comparison to material at room temperature. As a result of this, material gets more strain 
hardened than at room temperature. Figure 5.11(a,b) shows the effect of strain range on 
asymmetric cyclic strain hardening at 25°C and 550°C. At a fixed strain rate of 4><10'4/sec, 
the material gets more strain hardened at the high strain range than material deformed at the 
low strain range. Unsurprisingly the proof stress in the first monotonic compression does not 
change with strain range. However by changing the strain rate the first monotonic 
compression does change as seen in Figure 5.6 and Figure 5.12.
Figure 5.12 (a,b), shows the effect of strain rate on asymmetric cyclic strain hardening at 
25°C and 550°C. Reducing the strain rate, from 4><10'4/sec to 4*10'5/sec, reduces the proof 
stress as seen in Figure 5.12 (a) in room temperature and increases the proof stress as seen 
in Figure 5.12(b) at high temperature. Similar strain hardening of the material was noticed 
in symmetric cyclic loading test results seen previously in Figure 5.6 and Figure 5.8. It is 
clear from Figure 5.11 and Figure 5.12 that at both room and high temperature, changing the 
strain rate, changes the degree of strain hardening of material. However, under asymmetric
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cyclic loading, the strain hardening of the material tends to saturate at around 20% 
accumulated plastic strain see Figure 5.20. Further details about the Figure 5.20 are 
explained in next section. In symmetric cycling, the strain hardening of the material tends to
o/:
saturate at around 50% accumulative plastic strain (see Figure 5.18). Paul et al. , Man et 
al.234, Polak et al. 235 have studied the strain hardening of austenitic stainless steel material 
at room temperature for different strain ranges. All of them noticed a significant variation in 
strain hardening during symmetric cyclic loading with increasing strain range from 0.2% to 
2.0%, whilst showing a tendency towards saturated strain hardening after 6 cycles. Similarly, 
in this research study, we have noticed significant strain hardening of material with 
increasing strain range at both room and high temperature and a tendency towards saturated 
strain hardening after 6 cycles, as seen in Figure 5.6 and Figure 5.11.
Figure 5.13, shows a comparison between the results of asymmetric cyclic stress-strain 
at both room temperature (25°C) and high temperature (550°C). At high temperature, the 
material hardening is much higher than in the material tested at room temperature. In Figure 
5.13(a), at high temperature the shift observed in the hysteresis loops are due to the way the 
cyclic loading was programmed within the software (Bluehill software), but also due to the 
serrations in the stress-strain loops.
5.5.2 Validation o f predicted cyclic loading results
Symmetric and asymmetric cyclic stress-strain behaviour, at both room and high 
temperatures, for a strain range of ±1.25% shown Figure 5.16 has been predicted using the
7 75-parameters mixed hardening model fitted to symmetric stress-strain data by Muransky “ . 
The simulated symmetric cyclic loading results show a similar cyclic hardening trend to that 
observed in the experimental results (Figure 5.17). Likewise, the simulated asymmetric 
cyclic stress-strain results show similar strain hardening to the experimental results as shown 
in Figure 5.19.
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Figure 5.17 compares predicted and experimental symmetric cyclic test results at both 
room and high temperature. In the case of room temperature, a good correlation is obtained 
between the two sets of results apart from the first quarter of the first cycle. But, at high 
temperature large discrepancies are observed between the Muransky model and the present 
experimental results. Similar discrepancies between experimental results and a mixed
170 t
hardening prediction at high temperature have also been observed by Joosten et al . Figure 
5.19 compares the experimental asymmetrical cyclic data with FE predictions. As seen in 
Figure 5.19, the predicted stress-strain loops are in good correlation with the experimental 
results in comparison to the symmetric cyclic stress-strain predictions.
An alternative way of assessing the accuracy of the model’s prediction of plastic strain 
and stress in a cyclic test is to compare the values of peak stress and accumulated plastic 
strain at the tip of each loop with measurements, as shown in Figure 5.18(a). At room 
temperature, the tensile peak stress predictions agree reasonably well with the experimental 
results (showing a difference of up to 20MPa) and the experimental compression peak stress 
is under predicted by up to 30MPa see Figure 5.18(a). At high temperature the predicted 
stresses agree reasonable well with the experimental results for the first three cycles 
performed at a strain rate of 10‘4, see Figure 5.18 (b), but with increasing cycles the peak 
stresses results are significantly under predicted. The measured peak stresses are 
considerably affected by decreasing in strain rate from 10'4 to 10'5 which is not accounted 
for in the model. At slow strain rates (i.e. 10‘5), the dynamic strain ageing affect is 
significantly enhanced with increasing cyclic deformation, as described earlier. Similarly the 
peak stress vs. accumulated plastic strain trajectories for asymmetric stress-strain cycles at 
both room and high temperature are presented in Figure 5.20. Interestingly the Muransky 
22,57 model gives a reasonably good estimate of the peak stress vs. accumulated plastic strain 
trajectories for asymmetric stress-strain cycles at both room and high temperature. But it
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should be noted that, the peak stress prediction was affected by decreasing the strain rate 
from 1CT4 to 10'5 at high temperature due to dynamic strain ageing, as seen in Figure 5.20(b).
9 9  c*7
Muransky ’ mixed hardening model was designed to predict symmetric cyclic stress- 
strain behaviour accurately. But the model used data from different materials using a variety 
of strain rates (see Table 5.3). This might explain why the model shows poor correlation 
with the present symmetric cyclic tests done at 550°C. The results presented in Figure 
5.17(b) and Figure 5.18(b) call into question the robustness of the validation for residual
i • "M 22 233stress simulations “ ' .
9 9  ^ 7In conclusion, the Chaboche model parameters of Muransky for 316L(N) stainless 
steel poorly represent the high temperature symmetric cyclic hardening behaviour. However, 
the published parameters represent well the asymmetric cyclic loading, which is the type of 
deformation that occurs in parent or heat affected zone material during the welding process. 
This may be due to, the parameter used in the simulation are derived from higher strain 
amplitude than asymmetric cyclic loading. As result of this, the Chaboche model is capable 
of predicting the low strain hardening of the material.
5.6 Conclusions
The cyclic hardening of NeT TG4 parent material type 316L(N) stainless steel has been 
examined using constant strain range symmetric and asymmetric cyclic tests, at room 
temperatures and 550°C, and at different strain rates. The cyclic hardening o f the austenitic 
stainless steel material varied significantly depending on strain range and strain rate. The 
material that cyclically deformed during asymmetric cyclic loading, sustained very less 
plasticity than the material deformed symmetrically because of the smaller strain range. 
316L(N) material at room temperature underwent more strain hardening at a faster strain 
rate. However, at high temperatures, due to dynamic strain ageing, the material underwent
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higher strain hardening at a slower strain rate. At 550°C, a published Chaboche hardening 
model for 316L(N) stainless steel predicted less strain hardening during symmetric 
deformation, than occurred in the experimental results. However, at both room and high 
temperatures, the Chaboche model predicted reasonably well the maximum strain hardening 
during asymmetric deformation, which is the type of deformation that occurs in the base 
metal surrounding a weld deposit.
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5.7 Tables
Table 5.1 List of cyclic loading tests on type 316L (N) stainless steel
S.No Cycle Type Strain Range Strain Rate Temperature Number of Cycles
1 Symmetric ±1.25% 4><10'4/sec 25°C 6
2 Symmetric ±1.0% 4><10'5/sec 25°C 6
3 Asymmetric -1.0% -0.02% 4 x l0 '4/sec 25°C 12
4 Asymmetric -1.0% -0.02% 4 x 10'5/sec 25°C 7
4 Asymmetric -1.0% -0.02% 4 x l0 '4/sec 25°C 12
5 Symmetric ±1.25% 4xlO’4/sec 550°C 12
6 Symmetric ±1.25% 4 x l0 ‘5/sec 550°C 12
7 Asymmetric -1.25% -0.02% 4 x l0 ’4/sec 550°C 12
8 Asymmetric -1.0% -0.02% 4 x l0 ’5/sec 550°C 12
9 Asymmetric -1.25% -0.02% 4 x l0 ’5/sec 550°C 12
Table 5.2 Chaboche mixed hardening model parameters for type 316L (N) stainless
steel to Muransky22
Temperature Yield Stress 
at zero 
strain
c ,
(MPa)
Yi c 2
(MPa)
72 Qoo b
20°C 125.60 156435 1410.85 6134 47.19 153.6 6.9
550°C 90.90 64341 1410.8 5227 47.19 150.6 6.9
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5.8 Figures
Figure 5.1 Eight strain gauges fitted to a samples
Figure 5.2 N-Type thermocouples fixed on both ends of gauge volume with the help 
of clamps
Clamps
188
Figure 5.3 Symmetric cyclic loading (a) stress vs strain loops (b) strain  vs time
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Figure 5.4 Asymmetric cyclic loading with the first cycle loading in compression (a) 
stress vs strain loops (b) strain vs time
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Figure 5.5 FE weld stress vs strain predictions near HAZ 63
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Figure 5.6 Room temperature symmetric cyclic loading test results for a strain range 
of ±1.25% and strain rate 4xl0'4/sec compared with a strain range of ±1.0% at strain 
rate 4xl0‘5/sec
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Figure 5.7 Room and high tem perature (550°C) symmetric cyclic loading result for 
a strain range ±1.25% at strain rate 4*10 4/sec
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Figure 5.8 High tem perature (550°C) symmetric cyclic loading results for a strain 
range ±1.25% at strain rate of 4 x l0 ';7sec
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Figure 5.9 Comparison of asymmetric and symmetric cyclic loading test results at 
room temperature for (a) strain ranges -1.25% to 0.2% and ±1.25% at a strain rate 
4xl0'4/sec (b) strain range of -1.0% to 0.25 and 1.0% at a strain rate 4xl0'5/sec
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Figure 5.10 Comparison of asymmetric and symmetric cyclic loading test results at
550°C for a strain range of -1.25% to 0.2% ; 1.25% at a strain rate of 4*10'4/sec.
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Figure 5.11 Asymmetric cyclic loading strain range effect in room and high 
tem perature test: (a) 25C strain range -1.25% to 0.02% vs -1.0% to 0.02% at4><10' 
4/sec (b) 550°C strain range -1.25% to 0.02% vs -1.0% to 0.02% at 4xl0'4/sec
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Figure 5.12 Asymmetric cyclic loading strain rate effect in room and high 
temperature test: (a) 25C strain rate -1.0% to 0.02% at 4xl0-4/sec vs 4xlO-5/sec (b) 
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Figure 5.13 Room and high temperature asymmetric cyclic loading (a) strain range 
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Figure 5.14 Axisymmetric finite element model used for symmetric and asymmetric 
cyclic stress-strain simulations
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Figure 5.15 Symmetric cyclic stress-strain results of Muransky
author: (a) stress vs total strain (b) stress vs plastic strain
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Figure 5.16 Comparison of mixed hardening predictions based upon Muransky 22 
for symmetric and asymmetric cycles at (a) room temperature and (b) high 
temperature (550°C)
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Figure 5.17 Comparison symmetric cyclic loading prediction vs experimental 
results, strain range 1.25% (a) room temperature (RT) and (b) high temperature 
(HT)
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Figure 5.18 Comparison of predicted versus measured strain hardening for (a) room 
temperature symmetric peak cyclic stress vs cumulative plastic strain (b) high 
temperature symmetric peak cyclic stress vs cumulative plastic strain
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Figure 5.19 Comparison asymmetric FE results vs experimental cyclic loading 
results strain range 1.25% (a) room temperature (RT) and (b) high temperature 
(HT)
500 
450 
400 
350 
300 
250 
.—  200 
S . 150 
100
Exp. Strain rate 4x10' /sec
(A
£  50 
•100
•150
-200
-250
•300
-350
•400
-450
-500
RT FE Simulation 
RT Experimental
-0.015 -0.013 -0.011 -0.009 -0.007 -0.005 -0.003 -0.001 0.001 0.003 0.005 0.007 0.009 0.011 0.013 0.015
Strain
(a)
500
450
400
350
300
250
 200
£  150 
5  100
Exp. Strain rate 4x10' /sec
E 50 
■100
-150
-200
-250
•300
-350
-400
-450
-500
FESimulation
Experimental
-0.015 -0.013 -0.011 -0.009 -0.007 -0.005 -0.003 -0.001 0.001 0.003 0.005 0.007 0.009 0.011 0.013 0.015
Strain
(b )
202
Figure 5.20 Comparison of predicted versus measured strain hardening for (a) room 
temperature asymmetric peak cyclic stress vs cumulative plastic strain (b) high 
temperature asymmetric peak cyclic stress vs cumulative plastic strain
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C h a p t e r  6. W e l d m e n t P l a st ic  St r a in
C h a r a c t e r isa t io n
6.1 Introduction
Welding introduces plastic strain into the base materials being joined owing to material 
yielding associated with differential thermal expansion/contraction. It is important to 
quantity the plastic strain accumulated, since it can increase the susceptibility o f austenitic 
stainless steel to stress corrosion cracking 10’30,193,198. Electron backscatter diffraction 
(EBSD) has previously been used to map the distribution o f plastic strain on a microscopic
• J ' lH  ' J I Q
scale . The influence o f the welding parameters, welding techniques and stress- 
controlled cyclic loading, on microstructure and stress corrosion cracking, has been well 
analysed by others using EBSD 49,170,240_244. However, to date, the accumulated plastic 
strain due to each weld pass deposited has not been quantified. Moreover, little 
experimental research has been done where EBSD measures of plastic strain have been 
compared with hardness testing and finite element analysis.
The influence o f strain-controlled, or stress-controlled, symmetric cyclic deformation 
on the microstructure, mechanical properties and lattice misorientations in austenitic 
stainless steel,1 is well studied in the literature, where samples have been deformed up to 
failure177’191’201’203’245’246 However, there is no published research work available to explain 
the influence of strain-controlled asymmetric cyclic loading on lattice misorientations, after 
only a small number o f cyclic loading cycles.
The objective o f this chapter is to quantify, using EBSD, the cumulative plastic strain 
resulting from multi-pass welding and from uniaxial strain-controlled cyclic loading of
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316L(N) materials. Two independent sets of samples; welded (multi-pass welded plate) 
and both symmetrically and asymmetrically cyclically deformed, were deformed at room 
and high temperature, to quantify the cumulative plastic strain. Cumulative plastic strain is 
summation of the plastic strain, at the end of each cycle.
Following the EBSD experiments, Vickers macro hardness tests were performed on all 
the samples to validate the EBSD results. This validation was further supported by 
comparison with published finite element predictions, available from the NeT consortium
6.2 Uniaxia] Tensile Test
Using an electro discharge machine (EDM), several flat tensile samples were extracted 
from the block of as received 316L(N) material (described in section 3.6). Figure 6.1 
provides the design and dimensions of the flat tensile sample. The set of flat tensile samples 
were deformed up to set levels of plastic strain (Table 6.1) under constant strain rate, at 
both room temperature and at high temperature (550°C).
6.2.1 Uniaxial room temperature-tensile test (RTT)
An Instron screw-driven testing machine, with a 50 kN load cell, was used to deform 
the 316L (N) material, under uniaxial tension, at room temperature. The specimens were 
held in place using mechanical wedge grips, which were attached to the instrument.using 
universal joints. Prior to the tensile test, the specimens were preloaded (to 70 MPa) and 
then unloaded (to 0 MPa) to help the specimens settle in the grips. Table 6.1, lists the tensile 
tests conducted at a constant extension rate of 1 mm per minute, until the required strain 
was obtained. The machine was controlled by Instron Bluehill software. For room - 
temperature testing, a calibrated extensometer was mounted onto the specimen gauge
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length using a static axial clip (refer Figure 6.2). The results from the room temperature flat 
tensile tests are discussed in section 6.2.3.
6.2.2 Uniaxial high tem perature tensile test (H IT )
An Instron 8862 machine with a load capacity of 100 kN was used for all high 
temperature (550 °C) tensile tests. The machine was equipped with a split furnace, with a 
side window. Eurotherm 3215 controllers were used to control the furnace temperature. 
The tensile specimens were held securely using in-house manufactured holders refer Figure
6.3 . Calibrated type-N thermocouples, and a high temperature exterisometer, were mounted 
onto the specimen gauge length, with the help of clamping device and ceramic cords 
respectively refer Figure 6.4. Table 6.1 lists all the high temperature tensile tests, conducted 
under strain control, and at a strain rate of 4x1 O'4 per second, until the required strain was 
obtained. Prior to deforming, each specimen was held at 550 °C for 30 minutes, to enable 
a steady temperature of within ±1°C to be sustained for the duration of the test.
6.2.3 Tensile test results from room temperature and high tem perature 
experiments
From the recorded data, the true stress vs true strain graphs are provided in Figure 6.5. 
The flow curve of the specimen tested at room temperature to 5% plastic strain shows 
serrations with a variation of approximately 10 iMPa early on in the readings. This variation 
was due to a slip of the strain gauge during the experiment. However, this small 
experimental setup error will not affect the plastic strain calibration when using EBSD.
At high temperature, the yield stress of the material is lower than it is at room 
temperature. Therefore, the material exhibits a lower flow stress at a given strain than in 
the room temperature test. During the high temperature tensile tests, serrations were evident
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on the stress vs. strain curves of Figure 6.5. This is due to dynamic strain ageing (ref. 
Section 2.3.3).
6.3 EBSD Experimental Setup
For EBSD measurements, a Zeiss Supra 55VP, scanning electron microscope equipped 
with a field emission gun (FE-SEM) and with a NordlysF EBSD detector, was used. The 
SEM accelerating voltage was set to 20 keV. The working distance (WD) was 15±0.1 mm, 
and the objective aperture size was set at 120pm (max) in the high current mode. Table 6.2 
summarizes other parameters used in this EBSD experimental setup. The sample was 
positioned at 70° (from the horizontal) and inserted into the vacuum chamber of the 
scanning electron microscope (SEM). HKL fast acquisition software was utilized for data 
acquisition, then Channel 5 software was used to analyse the data.
All EBSD measurements were performed on a rectangular grid of points with a step size 
of 1 pm, using the beam-scanning mode under dynamic focus conditions and with a SEM 
magnification of 200x. EBSD indexing was based on the HKL database of materials; Iron 
FCC ciystal structure, with space group 225, F m3m. The orientation maps were collected 
from an area of 500 * 1400 pm, covering more than 100 grains.
6.4 Hardness Test Setup (validation o f  EBSD results)
Hardness is a measure of a material's resistance to plastic deformation or damage, for 
example indentation or scratches. In this study, the Vickers maa'o hardness test method 
was adopted to measure the hardness of the uniaxial tensile deformed samples, welded 
samples and cyclically deformed samples. Hardness tests were performed according to the 
British Standard ISO 6507-1:2005 241. The instrument used was a Struers Duramin A300 
machine, equipped with a diamond pyramidal indenter. To make the indentations, a load
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of 5 kgf was applied for 10 seconds. More details on the indents and spacing are given later 
in section 6.7.3. The hardness test results for the multi weld pass sample are presented in 
Figure 6.6.
6.5 Weld Plastic Strain Analysis
Section 3.5 has described the multi-pass welded plate, the welding parameters and the 
extraction of the weld samples. The extracted samples underwent a similar surface 
preparation to that described in section 3.4.2. The aim of the work presented in this section, 
was to quantify the plastic strain that developed due to multi-pass welding.
6.5.1 Experimental setup
Using the screen crosshairs the edges of the samples were aligned and positioned parallel 
to the electron beam scans. Each area was positioned along the central axis of the sample 
with reference to the weld bead width, as seen in Figure 6.7. All EBSD maps were acquired 
from the bottom of the plate to the weld cap along the Y-axis in plane B (refer to Figure 
3.3).
Four measurements were performed on each scanned image or stage position. Once the 
set of four measurements was completed, the SEM stage was moved manually to a new 
location (with an approximate overlap of 10% with the previous area). The stage 
movements were limited to the X-axis only, so the working distance could be maintained 
constant throughout the experiments. At each new area, the SEM was refocused and the 
working distance checked. The accumulated lattice misorientations, induced by each weld 
deposit, were measured using three different EBSD metrics: Kernnel Average 
Misorientation (KAM), Low Angle Grain Boundary fraction (LABf) and Average 
Intragrain Misorientation (AMISa) see section 2.6.4. Figure 6.8-6.10, shows the EBSD
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misorientation results of the welded samples. Once the EBSD analysis was completed on 
each welded sample, the samples were allocated for macro hardness testing.
6.6 Cyclic Plastic Strain Analysis
The design of the uniaxial cyclic loading samples and their extraction from the bulk 
material has been described in section 3.3. In section 5.3 of Chapter 5, the setup of the 
cyclic loading experiments is reported. In this section, only the EBSD experimental setup 
for analysing cyclic plastic strain is explained. The same EBSD settings as described in 
section 6.3 were adopted for this analysis. Figure 6.11 shows the gauge length of the 
cyclically deformed sample, bisected along the mid plane, parallel to the loading direction. 
The extracted sample was surface treated as described in section 3.5.1. Four EBSD 
measurements were taken at the centre of the mid plane, parallel to the loading direction. 
Table 6.3 lists the experimental parameters used in the mechanical tests performed on the 
cyclically deformed samples, at room and high temperature. Figure 6.12-13 show the 
EBSD measured lattice misorientation induced by cyclic plastic strain. The remaining parts 
of the bisected samples were used for Vickers hardness testing.
6.7 Discussion
When a material is deformed in tension or compression beyond its yield point, even 
though the spatial distribution of the strain at the macroscopic level is uniform, at the 
microscopic scale there is a non-uniform distribution of strain. This results from the 
anisotropic mechanical properties of each grain. Due to these anisotropic properties, the 
accumulated dislocations generate localized misorientations within, and between, the 
grains. The density of dislocations increases with increasing strain and hence the degree of 
lattice misorientation also increases 177’192>195’197’198’248’249. Despite this extensive literature,
209
there are no publications explaining the effects of plastic strain accumulation following 
deposit of each bead during welding. In addition, no record has been found regarding the 
influence of isotropic hardening on the lattice misorientations resulting from just a small 
number of symmetric and asymmetric deformations (i.e. below 12 loading cycles). The 
experimental findings presented here help to fill this knowledge gap.
6.7.1 EBSD plastic strain correlations for 316L(N) stainless steel
The degree of correlation between intragranular misorientations and induced plastic 
strain was investigated. The surfaces of deformed 316L(N) stainless steel samples were 
prepared as described in section 3.5.1 and the prepared samples inserted into the vacuum 
chamber of the SEM mounted on a pre-tilted (70° from horizontal) sample holder. For flat 
deformed samples, two to four orientation maps were collected from measurement areas 
approximately at the centre of the gauge volume, along a plane parallel to the loading 
direction (see Figure 6.14).
The accumulation of misorientations, as a function of plastic strain introduced by 
uniaxial tensile load, was quantified using the AMISa metrics (refer section 2.6.4). The 
AMISa vs. tensile plastic strain correlations are shown in Figure 6.15 (a). The KAM and 
LABf tensile plastic strain correlations are provided in appendix Figure A.6.1 and A.6.2. 
The error bars for each EBSD metric were calculated from the +/- standard error of the 
mean metric values from all orientation maps collected at different locations on both the 
deformed and non-deformed samples.
The KAM, LABf and AMISa increased approximately linearly with strain level. The 
difference between the room temperature EBSD plastic strain calibrations and high 
temperature EBSD plastic strain calibrations is significant. In evaluating the 
misorientations of the deformed material, the KAM and LABf metrics consider only
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intragranular misorientations between 0.15°-2° and 2°-15° respectively. However, as the 
strain increases, the density of high angle misorientation >15° tends to increase, which 
affects the misorientation evaluation when using KAM and LABf metrics. While at zero 
strain the orientation noise and the presence of low angle boundaries in the material will 
affect the EBSD metric results, offsetting the intercept on the Y axis, as seen in Figure 
6.15(a)192’194. The AMISa metric evaluates the misorientation across the whole grains and 
it is more sensitive, even at higher strains than KAM, or L A B f.
In Figure 6.16, EBSD plastic strain correlation for the 316L(N) material evaluated in 
this research study are compared with published plastic strain correlation for 316H and 
304L materials 194,25°. The room temperature EBSD correlation for 316L(N) agreed very 
well with Angeliu et al. 25°. At high temperature, Githinji’s 28 EBSD correlation for 316H 
material shows higher values of misorientation than in 316L (N) material. This is due to 
Githinji’s use of aged 3 16H material and a strain rate of 1 * 10‘5/sec in his high temperature 
(550°C) tests. The presence of carbides will increase the strain hardening of the material as 
well using a slower strain rate due to dynamic strain ageing. However, in all material at 
both room and high temperature the misorientation increases linearly with plastic strain up 
to 10% ,95’197’251. Similarly, in this research study, the misorientation increased linearly with 
plastic strain.
6.7.2 EBSD equivalent yield stress correlation for 316L(N) stainless steel
As describer earlier in section 6.2, the parent materials were monotonically deformed to
a defined series of plastic strains (refer to Figure 6.5). For each defined plastic strain, the
corresponding final peak tensile stress achieved during the test (refer to Figure 6.5) was
also used to establish an EBSD misorientation correlation with an equivalent yield stress at
that strain level. The AMISa vs. equivalent tensile yield stress correlations are shown in
Figure 6.15(b). This correlation is helpful to quantify the equivalent yield stress from EBSD
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data and enables comparison with the results on the residual stress along line BD (refer 
section 4.2.1 and Figure 4.1).
During each weld bead deposit, the base material is plastically deformed through strain 
ranges (refer section 7.1 and Figure 7.5 of Chapter 7) that are different at each position 
through the thickness. As a result, the base material develops anisotropy strains through the 
thickness. This was evident in the residual stress measurements, evaluated along line BD 
(refer Figure 4.22(a) of Chapter 4) using neutron diffraction. The longitudinal stress 
through thickness of the plate are higher than the yield stress of the material. This enables 
the author to compare the EBSD quantified equivalent yield stress (i.e. bulk ‘plastic stress’) 
with the measured residual stress (i.e. ‘bulk elastic stress’). The results are discussed in 
section 7.3 of Chapter 7.
6.7.3 Plastic strain and equivalent yield stress correlation for 316L(N) 
stainless steel from macro hardness test
Once the EBSD analysis was completed on the flat tensile samples deformed to 2.5%, 
5%, 10%, 15% or 20% strain at either room or high temperature, and on the gauge volumes 
of the cyclically deformed samples, they were subjected to macro hardness testing. A total 
of 90 to 100 indents were placed, in rows along the loading direction, on each deformed 
sample. The horizontal and vertical spacing between each indent was 1 mm. The average 
of the hardness measurements for the room and high temperature tensile specimens, 
strained to 0%, 2.5%, 5%, 10%, 15% and 20% was calculated and is shown as a function 
of induced strain in Figure 6.17(a). Similarly, the average of the hardness measurement as 
a function of monotonic yield stress is shown in Figure 6.17(b), for both room and high 
temperature tensile specimens. At both room and high temperatures, the hardness of the 
material showed linear correlation with the induced strain and monotonic yield stress. The
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hardness, plastic strain and equivalent yield stress correlations are consistent with EBSD 
correlation results.
6.7.4 Characterizing accumulated m isorientation due to the deposit o f  each 
weld bead
The welded sample can be broadly divided into two; a predominantly monotonically 
deformed zone and a predominantly cyclically deformed zone, depending on the thermal 
and deformation histories of each volume. The weld metal (i.e. final weld deposit) comes 
under the category of tensile deformed zone, due to the high peak temperature (above 
1000°C). Any compressive strain during heating will be nullified once the material has 
reached melting temperature. Therefore, only tensile deformation that has developed during 
cooling will contribute to weld metal deformation. The grain size, texture and degree of 
deformation in the weld metal is completely different from the base metal and therefore 
any misorientation correlation with monotonically introduced plastic strain will differ from 
those observed for the parent stainless steel material.
During welding, the temperatures in the HAZ and the parent material can reach up to 
1000°C. As explained in section 2.3.3, stainless steel deformed at temperatures between 
300-650°C exhibits dynamic strain ageing (DSA). Results of investigations on the 
influence of strain rates, in ranges similar to those resulting from the non-uniform heating 
and cooling rates of welding, were presented in Chapter 5. At the high temperature, the 
relationship between misorientation and strain hardening is affected by DSA. From Figure 
6.5, it is clear that the monotonic yield stress is not consistent at the higher temperature in 
comparison to that at room temperature, due to this effect.
The varying temperature- time profiles at different distances away from the heat source, 
through the thickness of the plate, during single pass and two pass welding, are shown in 
Figure 6.18. From this graph, it is clear that welding causes temperature transients in the
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plate around the heat, source, which can cause the material to deform asymmetrically (refer 
to sections 5.3.1 of Chapter 5). Transverse slices extracted from the stainless steel plate 
with a single-pass, a two-pass and a three-pass weld (as described in section 3.4.1) were 
used to quantify the plastic strain resulting from each weld pass. The transverse slice (with 
respect to the weld direction) is the best choice to characterize the accumulated plastic 
strain. The transverse slice will show the total effect of the heat source on micro structure 
changes and thermo-mechanical deformation around the weld. EBSD maps of the parent, 
heat affected, fusion and weld zones (identified on the based of the microstructure of the 
welded sample) are shown in Figure 6.19.
In Figure 6.19, the EBSD maps of the fusion zones show delineated patterns of colour 
within the large columnar grains, these are solidification sub-grain boundaries (SSGB). The 
grain boundaries of the dendrites in the fusion zone and the weld region were clearly 
defined in the EBSD microstructure map although they were hard to identify in the optical 
microscope images Figure 3.20. Figure 6.19 shows the colour variation between the grains 
of the parent zone and the weld region, following each weld pass deposit. There is a 
difference of degree of colour gradation within the grains. This is due to increasing plastic 
strain in the region from the parent zone to the weld region. The sharply delineated regions 
with small variation of colour with in the grains are due to low angle boundaries and the 
diffuse colour gradations result from stored geometrically necessary dislocations.
The misorientation distributions within and between grains, following each weld 
deposit, are shown in Figure 6.20-21. It is clear, as we move from the single pass to the 
three-pass weld (refer A to B direction in Figure 6.20 for deformation in the parent zone, 
HAZ and fusion zone), that the deformation of the material increases following each weld 
pass. The observed deformation in the region from the bottom of the plate to the fusion 
zone (refer to A to C direction in Figure 6.20) and the misorientation variation within a
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grain, increase up to the fusion boundary. Figure 6.8-6.10 show the angular misorientations 
introduced by single pass, two pass and three pass welding respectively, using different 
EBSD metrics. Figure 6.22-25, compare the spatial variation of the KAM, LABf and 
AMISa metrics with the measured harnesses for the parent, single pass, two pass and three 
pass samples respectively. As noted in Figure 6.22-25, the pattern of variation of each 
EBSD metric exhibited significant variation from one metric to another. The possible 
reasons for this variation between each EBSD metric are described in sections 6.7.4.1 and 
6.7.4.2. . *
6.7.4.1 Degree o f  m isorientation variation from the bottom  o f  the plate to fusion boundary 
due to each weld bead deposit.
1. During a single pass deposit, the peak temperature from the bottom of the plate to 
the fusion boundary increases from 500°C-1100°C as shown in Figure 6.18(a). At 
this temperature range the yield point of the material is lower than at room 
temperature, so the material deforms more easily. At any point (say at the bottom 
of the plate), with increasing temperature from room temperature to 500°C, the 
magnitude of deformation increases, consequently the density of dislocation and 
the interactions of those dislocations increase gradually. As a result of this, the low 
angle misorientations included in the KAM (i.e. < 2°) will gradually increases and 
eventually exceed the defined threshold limit and develop misorientation above 2°. 
Hence, KAM value increases form bottom of the plate to fusion boundary 
gradually as the material is deformed to higher strains. In contrast to KAM, the 
LABf consider the misorientation between 2° to 15° as low angle grain boundary 
and the misorientation above 15° as high angle grain boundary. With increasing 
distance from bottom of the plate to stain affected zone (SAZ) (i.e 13 to 7mm), 
LABf shows very less misorientation variation between each weld bead deposit.
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At this region (i.e 13 to 7mm), the degree of deformation is less than in the SAZ 
and HAZ. This is because the peak temperature in the HAZ and SAZ is higher than 
the base metal. Due to this, the HAZ and SAZ material deforms more than in the 
parent zone. However, from the SAZ to fusion boundary (i.e. 7 to 0 mm), LABf 
clearly shows the additional accumulated misorientation due to each weld bead 
deposit (refer Figure 6.9). The AMISa results too clearly indicate the accumulation 
of misorientation due to each weld bead deposit (refer Figure 6.10).
2. In all EBSD metric results the degree of misorientation increases significantly in 
the SAZ compared to the parent martial. This is because, by the end of first weld 
bead deposit, the fusion boundary, HAZ and the SAZ region have experienced one 
cycle of deformation (starting from compression during heating, and tensile during 
cooling). While the deposited weld metal experiences only tensile stress, because 
the strain developed during heating will be nullified by melting. During the second 
weld pass deposit, the fusion boundary in the HAZ and SAZ region undergoes a 
second cyclic deformation but at a lower temperature due to increases in distance 
form heat source. Figure 6.18(b), shows the weld temperature distribution during 
the single and two pass weld deposits from bottom of the plate to fusion boundary. 
Therefore with increasing numbers of weld bead deposits, the fusion boundary in 
the HAZ region and SAZ undergoes more cyclic deformation, as result the degree 
of misorientation increases, as seen in Figure 6.8-6.10.
3. At 12 mm from the fusion boundary, the parent material of the single pass, shown 
in Figure 6.23, LABf shows 0.25°, whilst AMISa shows 0.9° and KAM measured
0.32°. This is due to the presence of an elongated grain as shown in Figure 6.26. 
The presence of an exceptional grain in the parent material raised further question 
on the accuracy of the EBSD results. Because the LABf and AMISa are sensitive
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to the grain size of the material. The grain size calculation was performed using 
optical microscopy on single, two pass and three pass weld samples (i.e. from 
parent zone to heat affected zone refer Figure 6.7) at 200x magnification. The 
American Standard Test Method (ASTM) Mean Linear Intercept method was used 
to calculate the grain size, using Leica optical microscopy software. The difference 
of grain size at HAZ (i.e. 1 -3 mm) and parent zone (i.e. 7-11mm) for all sample are 
differing approximately between 5-10pm, see Figure 6.27. While in SAZ (i.e. 3- 
7mm), the grain size of single pass and two pass samples are agreeing well. 
However, the grain size of three pass sample in SAZ are differing approximately 
5- 10pm with single pass and two pass samples. The difference of grain size from 
parent to HAZ in all three samples are not significant in comparison to the grain 
noticed at 12mm in parent zone. Therefore the difference of grain size in each 
sample will not have significant effect in EBSD analysis.
6.7.4.2 Misorientation variation in the weld metal
After the solidification of the weld metal, the microstructure of columnar grains, 
solidification sub-grain boundaries (SSGB), and the solidification grain boundaries (SGB) 
are seen the fusion zone, as seen in Figure 3.20. The SSGBs and columnar grains have 
grown along <100> direction or along thermal gradients at higher temperatures. As a result 
of this, the dislocation density between the SSGB and within the columnar grains, is low. 
The SSGBs are characteristically low angle grain boundaries with a lower angle
4 7  •misorientation approaching zero . While, SGBs are high angle grain misorientations 
characteristically greater than 30° and dislocation pile up along them 41. The presence of 
SSGB and large grains will increase the values of LABf and AMISa within the weld metal 
in comparison to the HAZ, SAZ and the parent metal.
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6.7.5 Quantifying plastic strain and equivalent yield stress from macro 
hardness
A transverse slice from the single pass, two pass and three pass-welded plate was 
extracted using EDM. Hardness tests were performed on the welded samples to measure 
the additional hardening of the material developed by each weld pass, and to identify any 
interaction between each weld pass. The Vickers hardness map of the multi-pass welded 
plate is also presented in Figure 6.6. Details of the sequential weld deposits for this weld 
plate were given in section 3.4 of Chapter 3. The plate was distorted to some extent during 
the three pass weld bead deposits. The distorted plate was positioned carefully in order to 
avoid any slope during the two pass weld bead deposits. However, the distorted plate was 
not positioned correctly during the single pass weld bead deposits. As a result, the single 
pass weld bead was deposited at an angle. This effect was clearly noticed in the hardness 
map shown in Figure 6.6.
Comparing the high temperature calibrated hardness curve, shown in Figure 6.17 (a and 
b), with the measured hardness of the weld pass samples shown in Figure 6.6, through 
thickness (along Line BD), gives the corresponding plastic strain and the equivalent yield 
stress distribution in the respective weld pass samples, as presented in Figure 6.28. The 
accumulation of yield stress and strain resulting from each weld deposit can be clearly 
observed in Figure 6.28.
6.7.6 Quantitative weld plastic strain and equivalent yield stress from EBSD 
analysis
Quantification of weld metal plastic strain using the misorientation calibration curve 
obtained for the parent material is not appropriate because its microstructure and texture 
are different from the base material. However, the cumulative plastic strain in the region
218
from the fusion boundary to the base material following each weld deposit can be quantified 
using the high temperature plastic strain correlation curve, refer section 6.7.1. The plastic 
strain and yield stress distributions resulting from each additional weld pass, were 
evaluated by comparing the EBSD metrics from each weld with the high temperature 
plastic strain and equivalent yield stress correlation curves, (refer to Figure 6.15 and in 
appendix Figure A.6.1 and Figure A.6.2). The strain and equivalent yield stress 
distributions, along line BD from the bottom of the plate to the HAZ (i.e. along the y-axis 
of Figure 3.3), resulting from each weld pass, are shown in Figure 6.29-6.32.
In the parent zone (i.e. 10-13mm in Figure 6.30), approximately 4% plastic strain ( from 
KAM) and 160 MPa of equivalent monotonic yield stress was recorded for each samples 
(i.e. KAM derived plastic strains for all the parent, single pass, two pass and three pass 
samples). However, from 10 to 0 mm the KAM derived plastic strains increase gradually 
as we move from the parent material towards the fusion boundary (4.3% strain and 170 
MPa yield stress for the single pass was recorded, see Figure 6.30). The second weld pass 
developed a higher strain of 5.2% in the surrounding material than in the single pass deposit 
(see Figure 6.31). Finally, the third weid pass deposit induced a strain of 6.3% plastic strain 
and 245 MPa yield stress (see Figure 6.32). In all the welded samples the largest plastic 
strains were in the HAZ.
The weld plastic strains and yield stress quantified from the LABf metric are presented 
in Figure 6.29-32 and broadly correspond with those quantified from KAM. The LABf 
quantification indicates strains of 3.75%, 2.5% and 4.5 % in the HAZ of the single pass, 
two pass and three pass samples respectively. Similarly, the yield stresses observed in the 
HAZs of the single pass, two-pass and three-pass welds are 130 MPa, 90 MPa and 158 
MPa respectively. In the parent material, 0.5% strain and 20 MPa yield stress were recorded 
for all of the samples.
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The plastic strain quantified from the AMISa metric is presented in Figure 6.29-6.32. In 
comparison to the strains calculated using KAM and LABf metric, the AMISa metric 
consistently showed more strain. This is due to AMISa consider the misorientation from 1° 
to higher degree of misorientation with in a grain. However, significant cumulative plastic 
strain was evident when moving from the parent zone to the HAZ. The maximum plastic 
strain in the HAZ adjacent to the fusion boundary was approximately 5.3% strain for the 
single pass and two-pass, while 9% strain was seen in the three pass weld. Similarly, at the 
fusion boundary, a yield stress of 192 MPa was obtained for the single pass and two pass 
weld samples and 320 MPa for the three pass weld. The parent zone, i.e. 11-13 mm 
approximately showed 3.0% plastic strain and 100 MPa yield stress.
The plastic strain and the equivalent yield stress through the thickness of the parent 
material located at 80 mm, between the three pass and the two pass welds (as seen in Figure
6.6 of hardness map) was quantified using the KAM, LABf and AMISa metrics. 
Throughout the thickness of the sample see Figure 6.29, approximately 3.6% (KAM), 0.5% 
(LABf) and 2.5% (AMISa) of plastic strain was noticed for the parent material. Similarly, 
yield stresses of 150 MPa (KAM), 20 MPa (LABf) and 80 MPa (AMISa) were obtained.
6.7.6.1 Com paring the quantified plastic strain with previous published work
Figure 6.33-35, compares the plastic strain results (using AMISa) obtained from the 
present research work with those in the published literature. Figure 6.33(a) presents the 
quantified plastic strain for a 304L weld sample (Angeliu et al. 25°) and the 3 16L(N) sample 
used in this research study using the AMISa metric. Figure 6.33(b) shows the series of 
selected areas used for plastic strain analysis in the welded 304L sample. While, Figure 6.7 
shows a series o f selected areas used for plastic strain analysis in the welded 3 16L sample. 
At the fusion boundary, the 304L sample showed a higher plastic strain of 10%, and 9% 
showed in the three-pass 316L(N) sample. With increasing distance from the fusion
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boundary to the parent, the plastic strain in the 304L sample decreased significantly faster 
than the 316L three-pass sample. The average plastic strain difference between both 
samples was 2.5%. However, in the parent zone (i.e. 11-13 mm), both samples showed a 
plastic strain of 0.3% approximately. The distance from the heat source ‘r ’ (refer to 
equation 2.1, section 2.2.1 of Chapter 2) to the areas used for the EBSD plastic strain 
analysis, is higher than in the 316L(N) as illustrated in Figure 6.33(b). As a result of this, 
the peak temperature at the areas selected in the 304L sample, used for EBSD measurement, 
is lower than in the 316L(N) material. As a result, with increasing distance from the heat 
source (i.e. perpendicular), the material deforms less in comparison to material through the 
thickness.
Figure 6.34 compares the plastic strain for alloy 600 197 and 316L(N) using the AMISa 
metric. At the fusion boundary 8% plastic strain was recorded in the alloy 600 weld sample, 
while 9% plastic strain was recorded in the 316L(N) weld sample. Saez-Maderuelo 197 
suggests that a large grain size has affected the plastic strain analysis at the fusion boundary 
in 600 alloy. Whilst in the 316L(N) sample, the grain size is uniform throughout the 
thickness of the sample, as shown in Figure 6.34. A plastic strain of 12% was measured at 
1 mm from the fusion boundary of alloy 600 dropping to 2.3% in the base material 197. 
Similarly 316L(N) showed 9% plastic strain at the fusion boundary decreasing to 2.3% in 
the base material.
1 08Figure 6.35 compares the quantified plastic strain for alloy 690 and 316L(N) using 
the AMISa metric. At the fusion boundary for alloy 690, 17% plastic strain for the bottom- 
weld coupon (i.e. root weld) and 14% plastic strain for the middle and top weld coupons, 
was recorded. While for 316L(N), 9% for three-pass, 5% for two-pass and 1-pass welds 
were recorded at the fusion boundary. As described in Chapter 2 (section 2.2.1) and Chapter 
7 (section 7.1 and Figure 7.5), the material near the fusion boundary undergoes cyclic
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deformation during each weld bead deposition. The fusion boundary of alloy 690 has 
undergone many more than 3 cyclic deformations due to multi pass deposition. As a result 
of this, the weld root of alloy 690 deformed more than in the 3 16L(N) material. In addition, 
the weld parameters (i.e. current, voltage, speed of weld, heat input and interpass 
temperature) used for alloy 690 were higher than the weld parameter used for the 3 16L(N) 
material. As described in section 2.2.1 of Chapter 2, the weld parameters define the 
solidification structure, area of fusion boundary, grain size, and magnitude and distribution 
of plastic strain from the heat source. Due to all these factors, the strain noticed in alloy 
690 is higher than in the 316L(N) material.
The EBSD instrument parameters (such as acceleration voltage, step size scan, binning 
rate, number of frames etc.), weld parameters and the material used by others for plastic 
strain analysis were completely different from the parameters used in this research study. 
However, both published literature studies and the present research study showed 
consistently higher plastic strain around the fusion boundary that decreased when moving 
from the fusion boundary to the parent zone.
6.7.7 ABAQUS plastic strain prediction
ABAQUS weld simulations were performed by the NeT TG4 consortium to predict the 
plastic strains and residual stresses in and around three pass welds similar to those of the 
present study 15’24’55’57’167'215 Details of the thermal and mechanical modelling of the welds 
are available 22. The values of predicted equivalent plastic strain (PEEQ) at positions 
through the thickness of the plate using a mixed hardening model (as described in section 
2.3.5), were obtained from the authors (Muransky, Hamelin, Smith, et a l  2012 zz). The 
results are presented in Figure 6.36.
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6.7.8 Validating EBSD weld plastic strain results
Figure 6.37 (a, b, c) show comparisons between the plastic strain distributions through 
the thickness of the plate immediately below the centre of the weld as calculated from 
EBSD and macro hardness measurements and as predicted from ABAQUS (PEEQ) 
calculations. The plastic strains calculated from the EBSD metrics are in relatively good 
agreement with the ABAQUS prediction in the region from the parent zone to the HAZ.
The strains calculated from the AMISa and macro hardness test results are in good 
agreement with predicted PEEQ. The strain and yield stress increases gradually from the 
parent zone, and reduces at the fusion boundary. In general EBSD, macro hardness and the 
simulation predictions (PEEQ and PE) all show the same pattern but at different 
magnitudes. However, in the HAZ the PEEQ predicted much less strain than the hardness 
and EBSD quantified plastic strains. Muransky et al. 22,57, considered an annealing model 
in weld simulation. They predicted that the strain will be completely annihilated at the 
fusion boundary near the HAZ area, since the temperature reaches or exceeds 1000 °C.
6.7.9 Characterizing cyclic loading plastic strain
The HAZ, SAZ and the parent material around the weld deposit undergo cyclic 
deformation 222 at different strain rates (resulting from different cooling rates Figure 6.18). 
As seen in Figure 6.12 and Figure 6.13, after six cycles of loading at 25°C, there was no 
significant variation in the EBSD misorientation metrics: KAM, LABf or AMISa. This was 
the case for both symmetric (i.e. from 0% to 43% total cumulative plastic strain) and 
asymmetric (i.e. from 0% to 25% total cumulative plastic strain) cyclic loading. However, 
after twelve symmetric cyclic loadings at 25°C (i.e. 58% cumulative plastic strain), a 
significant increase in AMISa was noted in all the cyclically loaded samples but the KAM 
and LABf results still showed very little increase. The possible reason for the difference
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between the symmetric and asymmetric cyclic loading misorientation is described later in 
this section.
At 550°C, symmetrically loaded samples deformed up to 58% strain, showed an increase 
in AMISa compared to those similarly loaded at 25°C. Conversely, asymmetrically loaded 
samples deformed to 25% at 550°C, show lower values of AMISa, LABf and KAM than 
similarly deformed samples at 25°C. A possible reason for the reduced misorientation is 
that during cyclic loading; the cyclic hardening and cyclic softening compete with each 
other as described in section 2.3.4 of Chapter 2. When a material deformed at lower strain 
range, less dislocation are generated than the material deformed at high strain range. As a
f\ 7result, the contribution of back stress towards the strain hardening of the material is less 
in low strain range than the material deformed at high strain range. Due to this, the cyclic 
softening of material will occur faster in a material deformed at low strain range than the 
material deformed at high strain range 93. During the cyclic softening, the density of 
statistically stored dislocations increases due to the formation of a low density cell type 
microstructure. They are randomly distributed and have no geometrical consequence, 
whereas EBSD analyses the strain from the geometrically necessary dislocations, and not 
from statistically stored dislocations.
The factors influencing the significantly different behaviours of KAM, LABf and 
AMISa for both symmetric and asymmetric cyclic loading at room and high temperatures 
are:
1. In strain controlled cyclic loading, the dislocation density increases as a 
consequence of the imposed strain amplitude. The dislocation density, the 
dislocations structure, and the cyclic hardening or softening, is dependent of the 
imposed strain amplitude 100-104>106>2 34>235,252,253 Therefore, in symmetric 
deformation, the strain hardening of the material is higher than in asymmetrically
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deformed material, which affects the EBSD metrics in asymmetric cycles (refer 
Figure 6.12 and Figure 6.13).
2. During the reverse phase of the cyclic loading, some of the dislocations developed 
in the first or previous cycles will annihilate themselves by interacting with opposite 
sign dislocations. With increasing deformation, more planar tangled structures are 
formed. This obstructs dislocation movement and cross slip is activated. This in 
turn enhances dislocation annihilation mechanisms 254?255.
3. The low stacking fault energy of austenitic stainless steels impedes the cross-slip of 
dislocations during the early cycles of defoimation. As a result high dislocation 
densities are formed at the grain boundary, whilst in middle of the grain, much less 
dense dislocations are form ed27’177’255. Hence KAM and LABf results show minute 
change because they measure local misorientations within a grain.
6.8 Conclusion
This is the first comprehensive study using three EBSD metrics, KAM, LABf and 
AMISa, to investigate the accumulation of plastic strain and hardening during multi pass 
welding of austenitic stainless steel 316L, and to compare it with the hardening due to 
strain-controlled symmetric and asymmetric cyclic loading. In the HAZ and SAZ, the 
EBSD (KAM, LABf and AMISa), macro-hardness test results and the plastic strain 
predictions, are in broad agreement with each other. In the HAZ and SAZ, each weld bead 
deposit has introduced higher plastic strain. The EBSD metrics showed a gradual increase 
of plastic strain and equivalent yield stress from the parent zone to the fusion boundary. 
Quantified plastic strain from the EBSD and hardness analysis for the parent material 
indicates that the material defoims plastically.
225
From parent zone to fusion boundary, the predicted PEEQ plastic strains show a similar 
trend to the experimental results, but at different magnitudes. The EBSD results and macro 
hardness results depend on variations in microstructure and dislocation density (which 
develops lattice misorientation), whilst the ABAQUS PEEQ predictions ignore any 
microstructure and dislocation density. Both EBSD and hardness measurement on the HAZ 
near the fusion boundary of the single pass weld, showed significant decreases of plastic 
strain due to annealing. However, the EBSD analysis and the hardness test results clearly 
contradict the annealing conditions used in the weld simulation for the fusion boundary 
near the HAZ. The annealing model implemented in the single pass weld simulation clearly 
needs to be improved for accurate strain and stress prediction.
The EBSD analysis of samples, under strain controlled symmetric and asymmetric 
cyclic loading, confirms that the EBSD metrics KAM and LABf are insensitive to cyclic 
deformation whilst the AMISa metric is sensitive to cyclic defonnation. The annihilation 
of dislocations and fluctuations of dislocation density within a grain, caused by cyclic 
loading, has significantly affected the KAM and LABf analysis. From the symmetric and 
asymmetric accumulated misorientation analysis, it is reasonable to conclude that in strain 
controlled cyclic loading, none of the EBSD metrics are reliable to assess the plastic strain, 
below 58% cumulative plastic strain.
Similarly, the strain and yield stress evaluated in the weld pass sample using KAM and 
LABf were lower than the strain and yield stress evaluated from AMISa and hardness 
testing. It is concluded that the yield stress and plastic strain evaluated using AMISa metric 
and hardness tests are best for comparing and validation of ABAQUS PEEQ predictions.
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6.9 Tables
Table 6.1 List of flat tensile test at 25°C and 550°C
Sample No. Temperature °C Maximum Strain % Strain Rate (s'1)
1 25 - 0 ■p* X o
2 25 2.5 4><1 O'4
3 25 5.0
oX
4 25 10 4x1 O'4
■5 25 15.0
oXTl-
6 550 0.3 X H—» o -
k
7 550 1.25 4X10"4
8 550 2.5 4x10'4
9 550 5.0
"4" . ©X
10 550 10.0 X o
11 550 15.0 4x10'4
Table 6.2 Summarized EBSD settings
Bands
Detected
Hough
Resolution
Number of
Frames
averaged
Camera
Binning
Acquisition 
Time in ms
Average
Indexing
Rate
5-7 120 4 4x4 16.2 98%
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Table 6.3 List of cyclic loading test at 25°C and 550°C
Sample
No.
Temperature
°C
Number 
of Cycles
Cycle Loading 
Type
Strain Range
%
Strain Rate 
(s '1)
1 25 12 Symmetric ±1.25
oX
2 25 6 Symmetric ±1.00 4x1 O’5
3 25 12 Asymmetric -1.25 to 0.02 4x10'4
4 25 7 Asymmetric -1.00 to 0.02 4x l0 ‘5
5 550 12 Symmetric ±1.25 4X 10‘4
6 550 12 Symmetric ±1.25 4x1 O'5
7 550 12 Asymmetric -1.25 to 0.02 4x 10'4
8 550 12 Asymmetric -1.25 to 0.02 4X10'5
9 550 12 Asymmetric -1.00 to 0.02 4X10-4
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6.10 Figures
Figure 6.1 Flat tensile sample design with all dimensions in mm
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< >
I
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100.58
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Figure 6.2 Room tem perature flat tensile test (a) Instron flat tensile instrum ent (b) 
Sample holders and extensometer
Flat Tensile 
Sam ple
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Figure 6.3 (a) High tem perature flat tensile test sample holders (b) Tensile sample in 
sample holder
(a) (k)
Figure 6.4 High tem perature flat tensile test setup (a) Instron slow strain instruments
(b) thermocouples (c) high tem perature extensometer
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Figure 6.5 Tensile stress vs strain curves at 25°C and 550°C
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Figure 6.7 Geometry of EBSD experiment setup on welded sample
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Figure 6.8 Kernels Average M isorientation (KAM) along line BD of welded samples
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Figure 6.9 Low Angle Boundary fraction (LABf) along line BD of welded samples
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Figure 6.10 Average intergrain Misorientation along line BD of welded samples
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Figure 6.11 Bisected cylindrical samples, along mid plane for EBSD analysis
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Figure 6.12 EBSD misorientation metric after symmetric cyclic deformation at 25°C 
and 550°C
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Figure 6.13 EBSD misorientation metric after asymmetric cyclic deformation at 
25°C and 550°C
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Figure 6.14 EBSD m easurem ent location on high tem perature deformed flat tensile 
test
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Figure 6.15 (a) Measured AMISa vs true strain and (b) AMISa vs flow stress at 25°C
and 550°C
y = 10.276X + 1.4995
i/>
— 550°C Linear Fitting 
— 25°C Linear Fitting
y= 15.888x + 0.597
0.12
True Strain
(a)
4.5
y = 0.004x + 0.3282
y = 0.0058x + 0.6027
3.5
o
2.5
1.5
550°C Linear Fitting
— 25°C Linear Fitting0.5
6005004003002001000
Monotonic Yield Stress (MPa)
(b)
237
Figure 6.16 Comparison of published AMISa correlation with present studies
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Figure 6.17 Measured hardness vs true plastic strain (b) measured hardness vs 
monotonic yield stress
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Figure 6.18 Temperature profile from the heat source through thickness (a) single
pass weld (b) two pass along line BD 57
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Figure 6.19 EBSD IPF colour maps: Parent Zone (PZ), HAZ, Fusion Boundary (FB) 
and Weld Metal
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Figure 6.20 KAM maps of single pass, two pass and three pass
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Figure 6.21 LABf of single pass, two pass and three pass
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Figure 6.26 EBSD m icrostructure of parent zone, deformed grain near bottom plate 
surface
Elongated grain
Figure 6.27 Grain size variation through thickness of single pass, two pass and three- 
pass samples error bar ±10pm
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Figure 6.28 (a) Quantified plastic strain (b) Quantified equivalent yield stress
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Figure 6.29 Parent material: (a) Quantified plastic strain (accuracy of ±0.015) (b)
Quantified equivalent yield stress (accuracy of 20MPa)
0.05
0.04
RAM-Parent Zone 
LABf-Parent Zone 
-°-AMISa-Parent Zone 
“•“HV-Parent Zone
in
o.oi
-o.
o -
136 7 9 10 11 1283 4 C0 1 2
Distance From The Fusion Boundary in mm
(a)
350
300
250
ro
D.
5
200
- ° ‘ Parent Material RAM 
o  Parent Material-LABf 
■^Parent Material AMISa 
-•-Parent Material-HV
in*D 150 o—O—<t
>
100
50
,o°"o~-o o
o - °  o °- O  —-O — o  — O —O — O  “ O — o O—O '
3 4 5 6 7 8 9  10
Distance From The Fusion Boundary in mm
11 12 13
(b)
250
Figure 6.30 Single pass: (a) Quantified plastic strain (accuracy of ±0.015) (b)
Quantified equivalent yield stress (accuracy of ±20 MPa)
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Figure 6.31 Two Pass: (a) Quantified plastic strain (accuracy of ±0.015) (b)
Quantified equivalent yield stress (accuracy of 20MPa)
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Figure 6.32 Three Pass: (a) Quantified plastic strain (accuracy of ±0.015) (b)
Quantified equivalent yield stress (accuracy of 20MPa)
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• 250Figure 6.33 (a) Comparison of plastic strain results with those of Angeliu et.al (b)
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Figure 6.34 Comparison of plastic strain results with those of Saez Maderuelo et al.
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Figure 6.36 PEEQ predicted results 22
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C h a p t e r  7. D is c u s s io n
This chapter discusses the key research findings of the present work. As described 
earlier, this research project has analysed the residual stress distribution in a three-pass 
weld round robin benchmark plate and the potential origins of the measurement 
uncertainties. It has also investigated the contributions to possible errors in weld residual 
simulations of the cyclic isothermal stress-strain properties used; that is these properties 
sensitivities to strain rate and the type of cycle (symmetric versus asymmetric). The 
project has also explored the possibility of quantifying the accumulated plastic strain and 
stress due to the each weld bead deposit using EBSD metrics and validated the results 
with hardness measurements. In addition the project has investigated the limitation of 
various EBSD metrics in determining the accumulated plastic strain due to strain 
controlled cyclic loading.
7.1 Issues affecting the reliability of residual stress 
measurement using neutron diffraction
This thesis has analysed the distribution of residual stress in a three pass weld 
behchmarkiplate using strain diffractometers at two spallation source neutron facilities 
:  ^ (i.e.-.VULCAN,iat SNS and ENGIN-X af the ISIS Facility). In total 76 different locations 
in the welded plate were measured in three orthogonal directions. In Chapter 4, VULCAN 
and ENGIN-X residual stress measurements have been compared independently with 
other measurement carried out by members of the NeT consortium at reactor neutron; = 
sourees;In thissection*; the-average of the residual stress measurementSj rootmean square j 
5 / i and ^ standard deviation- along, plane D (refer Figure 3 . 3 (a) Benchmark specimen ;-
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dimensions (b) Benchmark specimen dimensions and slot configuration (a)) evaluated 
from the spallation and reactor neutron sources were compared, refer Table 7.1 and Figure 
7.1 to 7.4.
Figure 7.1 (b) and (c) show how the transverse and normal residual stresses measured 
from the spallation and reactor neutron source are in very good agreement with each 
other. However, the longitudinal residual stresses measured in the parent zone, i.e. from 
10 to 17 mm below the top surface, differ by approximately 50 MPa, as seen in Figure 
7.1(a). Figure 7.2 compares the residual stresses along a line at a depth of 5 mm beneath 
the surface of the single pass weld bead. The residual stress measurements in the parent 
zone (i.e. -90 to -40 mm and 40 to 90 mm) agree very well with each other, but differ by 
about 50 MPa in the region of the weld slot (i.e. -40 mm to 40 mm) in all three directions. 
Figure 7.3 compares the residual stress at depth of 9 mm from the top surface. The average 
transverse and normal residual stresses from both neutron sources are in very good 
agreement. However, the longitudinal residual stress results show a difference of 
approximately 50 MPa along the length of the scan. Figure 7.4 shows how the residual 
stresses at a depth of 16 mm from surface are in excellent agreement with each other.
Measurement uncertainties associated with the stress free cuboids, discussed in 
Chapter 4, may be contributing to systematic differences in the results from the spallation 
and reactor neutron sources. Perhaps more important is that at the reactor neutron sources 
only one diffraction peak (the 311) was analysed, while at the spallation sources more 
than 10 hid peaks were analysed. Therefore far fewer grains were sampled at the reactor 
sources compared with the spallation sources. The grain size of the weld cuboids was 
very big in comparison to the parent cuboids; refer Figure 6.19 of Chapter 6. As a result 
of this, the number of grains diffracting in a given gauge volume in the weld cuboids was 
lower than the parent cuboids. At the spallation neutron source, the average of multiple
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measurements of the different stress-free cuboids were used in the residual stress analysis. 
As a result of this, stress free cuboid issues such as the number of grains diffracting, the 
effects of crevices and glue were reduced or averaged out. While, at the reactor sources 
single value measurements of the different stress-free cuboids were used in the residual 
stress analysis.
Another potential origin of uncertainty (described earlier in Chapters 3 and 4) is 
associated with fact that the parent and weld stress free cuboids were extracted from 
different weldments; the weld trial plate (ID 1-2B) and the three pass welded benchmark 
plate (ID 2-IB). Hardness measurements for the weld trial plate (refer Figure 4.32 of 
Chapter 4) clearly indicated an interaction between the thermal effects of the adjacent 
three-pass and two pass welds.
Figure 7.5 schematically shows the cyclic deformation of material at a specific point 
adjacent to a three-pass weld. During heating from room temperature to above 1000°C, 
the material experiences compressive plastic strain from A to C as indicated in the Figure. 
From A to B material undergoes elastic deformation and from B to C, plastic deformation. 
While, in cooling from 1000°C to 0°C, the material experiences tensile plastic strain from 
C to E, where, C to D is elastic deformation and from D to E is plastic deformation. By 
the end of the cooling, the material stores tensile strain, due to constraint coming from 
the neighbouring material. As a result of this there will be no tensile stress unloading and 
the proof stress of the material has increased from its initial yield stress value. During the 
second weld bead deposit, the distance from the heat source of the material at the point 
of interest has increased, which reduces the degree of deformation (i.e. strain range) due 
to the lower peak temperature experienced. During heating from the second weld pass, 
the material undergoes a second cycle of compressive plastic strain from E to G (E to F 
is elastic deformation and F to G plastic). The proof stress of the material during the
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reverse cycle E to G will be less than the previous weld deposit, due to the Bauchinger 
effect. However, during the cooling process (i.e. G to I) the material gets more strain 
hardened, than during the first weld pass. A similar cyclic deformation mechanism occurs 
during the third weld bead deposit (i.e. I to K during heating and K to M during cooling) 
and the material gets a bit more strain hardened in comparison to the two pass weld 
deposit. When a two-pass weld bead is deposited close enough to the three pass weld, the 
possibility of interaction of the weld thermal history with that of the adjacent three-pass 
weld is high. As a result of this, the original three-pass weld would have experienced two 
additional stress-strain cycles due to the adjacent two-pass weld deposit.
The Line B2 longitudinal and transverse residual stress results from neutron diffraction 
(refer Figure 4.22) and the EBSD AMISa yield stress in parent zone (refer section 6.7.4 
and Figure 6.29 yield stress from parent zone to fusion boundary), indicated that the 
material at 30 mm away from the centre of the three pass weld bead experiences a stress 
about 50 to 100 MPa due to the three pass weld thermal history. In the weld trial plate 
(ID 1-2B, from which the_l-2B stress free cuboids are extracted) at 30 mm distance from 
centre of three-pass weld, the two-pass weld bead was deposited. Which means the 
adjacent three-pass weld bead experienced a further two loading cycles. As a result of 
this, the nominally stress free cuboids extracted from the weld trial plate may have had 
higher inter-granular stress present than the three-pass weld benchmark plate. The effect 
of the higher inter-granular stress is clearly visible in the Line D5 residual stress (i.e. - 
40mm to 40mm). However, this hypothesis would only be valid if the two-pass weld was 
made after the three-pass, but there is no recorded information regarding the actual 
welding sequence for the trial plate.
Another possible reason contributing to the difference in the residual stresses measured 
is that the alignment of the benchmark plate at each experimental setup would have
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varied. The precise alignment of the sample allows the user to position the sample 
accurately. However, the facilities available to the user at different diffractometer 
instruments for aligning the sample vary.
The presence of crevices, the hydrogen content of the glue and the non-parallel edges 
of the stress-free cuboids all contribute to experimental uncertainties in the measured 
residual stress. In addition to experimental uncertainties, the inhomogeneity of the stress- 
free cuboids such as in grain size (refer Figure 6.26), and the non-uniform chemical 
segregation, lead to the generation of pseudo strains in a residual stress analysis.
7.2 Effect o f strain rate and asymmetric cyclic deformation 
on weld simulation prediction
Chapter 5 has investigated the influence of strain rate and asymmetric versus 
symmetric cyclic loading on the stress-strain response of parent 316L (N) stainless steel, 
as asymmetric cyclic loading is a closer representation of real weld thermal cyclic 
deformation. A series of isothermal cyclic loading tests have been conducted at room 
temperature and 550°C for a constant total strain range and various strain rates. However, 
in real welding, the rate of heating and cooling is not uniform. As a result of this the 
material experiences a different total strain range and varying strain rates depending on 
the distance of the material from the heat source and the component geometry. In addition, 
the rate of strain hardening of the material during heating is less than that during the 
cooling process.
As a first approximation, the strain rate experienced by material around a weld is 
proportional to the rate of change of the temperature. During heating, the temperature 
increases very fast from room temperature to the melting point, while the rate of cooling
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from 1000°C to room temperature is very slow (refer Figure 6.20 of Chapter 6). In the 
temperature range 300 °C to 650 °C, the material strain hardens more at a slower strain 
rate due to dynamic strain ageing. This is because, at slow strain rates, in the dynamic 
strain ageing regime, strong interactions between solute atoms and mobile dislocations 
reduces the number of mobile dislocations available to accommodate the required plastic 
deformation. As a result of this, the flow stress increases, and the material strain hardens. 
Most weld simulations in the published literature ignore the effect of strain rate on the 
strain hardening of the material at high temperature.
In welding, the material undergoes asymmetric cyclic deformation as described in 
section 5.3.1 of Chapter 5. The material strain hardens less during asymmetric cyclic 
loading than in symmetric cyclic loading both at room and high temperature. This is 
because when the total strain range is low, fewer dislocations are generated and the planar 
structure of dislocations continues to a higher number of cyclic loads. While with a higher 
total strain range, i.e. symmetric cyclic loading, material gets strain hardens more due to 
the increase in dislocations density.
The effective stress is the average of the initial yield stress and the final saturated peak 
stress achieved during loading. While the back stress 67 is the average difference of the 
saturated peak stress and initial yield stress (see Figure 7.6). The back stress is related to 
the collective long-range interaction of dislocations which arise during reverse cyclic 
loading and is due to the heterogeneous grain properties of the material. Minh-Son Pham 
93 studied the relationship between microstructure and back stress in 316L stainless steel. 
His studies showed the rate of change of back stress and effective stress decreases with 
reducing total strain range at both room and high temperature.
In weld simulation the Chaboche mixed hardening model (refer section 2.3.5 of 
Chapter 2) has been used to predict residual stress. The mixed hardening model describes
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the translation of the yield surface in the stress space using the back stress a, which is 
expressed in equation 2.8 of Chapter 2 as 24 -
a  -  Ci —  (cr — a ) i pl — Y i a i pl
Where Ci, yi, £pl, o and o° are parameters usually evaluated from symmetric (tensile- 
compressive) cyclic deformation testing as described in section 2.3.5 of chapter 2. 
However, from Pham’s 93 studies, the back stress and effective stress (i.e. the size of the 
yield surface) increase with increasing total strain range. This means that employing a 
hardening model using input parameters evaluated from symmetric cyclic loading may 
predict higher stress values than using a model based on input parameters derived from 
asymmetric cyclic loading. In reality, during welding the surrounding material deforms 
asymmetrically in compression over a lower total strain range than usually represented in 
symmetric cyclic tests, see Chapter 5.
In addition, ignoring the effect of strain rate further increases the risk of predicting 
higher stress values during weld simulations, because increasing or decreasing the strain 
rate (which depend on the temperature) can lead to significant increases or decreases in 
the initial yield stress, back stress, rate of strain hardening of the material and area of 
stress-strain loops. However, in real welding the material experiences a range of strain 
rates throughout the thickness of the material. It would be very expensive and challenging 
to perform isothermal asymmetric cyclic test for each strain rate at different temperatures. 
The results of this study would recommended to perform representative thermo­
mechanical fatigue tests to collect data to calibrate weld simulation models.
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7.3 Exploring the possibilities o f quantifying plastic strain 
using different EBSD metrics
In the published literature different EBSD metrics have been used to quantify the 
accumulated plastic strain due to multi-pass welding (generally with more than 1 0  weld 
passes). However, none of the papers has explained the possibility of using different 
EBSD metrics to quantify accumulated plastic strain weld pass by weld pass. Chapter 6  
has presented results showing how plastic strain can be quantified using different EBSD 
metrics. The results have been validated by hardness measurements and compared with 
published finite element predictions. Chapter 6  also investigated the limitation of each 
EBSD metric in assessing accumulated plastic strain due to symmetric and asymmetric 
cyclic loading.
The density of the low angle misorientations (below 2°) increases linearly with 
increasing monotonic plastic deformation. This is due to the fact that, with increasing 
monotonic plastic deformation, formation of jogs and sessile dislocations increases the 
density of dislocations within each grain. However, above 15% strain KAM and LABf 
analysis tends to so saturation 196. In addition, at high temperatures, greater than 800°C, 
dynamic recovery and recrystallization processes act in austenitic stainless steel to 
annihilate dislocations of opposite sign. On the other hand, dislocations of the same sign 
align themselves into walls to form low angle sub-grain boundaries. This leads to 
pronounced changes in the internal stresses of the material. Thus both increasing plastic 
strain and recovery processes at high temperature will affect KAM and LABf metrics.
In cyclic loading, the dislocation density introduced is relatively low compared with 
monotonic tensile deformation because plastic strain is concentrated in small clusters
901 909rather than being homogeneously distributed ’ . During cyclic loading, the crystal
orientation fluctuates, which affects the average local misorientation significantly 74. As
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a result of this, the neighbouring points based misorientation metrics, KAM and LABf, 
are unable to provide reliable measures of total accumulated plastic strain. The evidence 
for this is presented in Chapter 6 , where the KAM and LABf analyses indicated no 
variation of misorientation at both room and high temperature for symmetric and cyclic 
loading refer Figure 6.12 and 6.13. However, the fluctuation of dislocation density does 
not affect the AMISa, because it evaluates the misorientation from the central orientation. 
Due to this AMISa metric was very sensitive and consistently showed very good 
agreement with hardness measurement and PEEQ predictions.
Figure 7.7, presents the comparison of von Mises equivalent residual stress along line 
BD with EBSD AMISa metric yield stress results. Von Mises’s theory is based on the 
distortion-energy stored in a material when it undergoes deformation . According to 
von Mises’s theory for ductile materials, the yielding of the material (during simple 
tension or compression test) occurs when the distortion energy per unit volume reaches 
or exceeds the distortion strain energy per unit volume. The von Mises’s equivalent stress 
at which yielding of any ductile material is predicted to occur can be evaluated using the
9SQequation below
o' = V°-5 * (O i -  o2)2 + {o2 -  o3)2 + (cr3 -  #1 )2} (7>2)
Where cti, 0 2  and 0 3  are the principal stresses and the von Mises equivalent stresses 
are dependent on the isotropic expansion of the yield surface (i.e. amount of material 
hardening).
The von Mises equivalent stress was evaluated using the spallation neutron residual 
stress results along line BD. The EBSD quantified yield stress shows slightly lower stress 
results in comparison to the von Mises residual stress but they agreeing within about 
50MPa. A possible reason for this difference could be due to the fact that the gauge
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volume 3><3X3 mm3 used for measuring residual stress in the neutron diffraction 
experiment was higher than the selected area (1 x0.5 mm2) for EBSD analysis. As a result, 
more diffracting grains were analysed in the neutron diffraction experiment.
The EBSD AMISa results constantly showed very good agreement with hardness, 
PEEQ and von Mises equivalent stress. From the results (refer Figure 6.37 and Figure 
7.7), it is evident that EBSD AMISa metric can quantify the accumulation of plastic strain 
due to each weld pass. This means EBSD analysis can supports the NeT consortium to 
improve the prediction of weld stresses and strains and the life time of the structural 
components by validating the predicted results with EBSD AMISa plastic strain and yield 
stress results.
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7.5 Figures
Figure 7.1 Comparison of the average residual stresses measured at spallation and
reactor neutron sources along line BD (a) Longitudinal (b) Transvers and (c)
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Figure 7.2 Comparison of the average residual stresses measured at spallation and 
reactor neutron sources along line D5 (a) Longitudinal (b) Transverse and (c) 
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reactor neutron sources along line D9 (a) Longitudinal (b) Transverse and (c)
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Figure 7.4 Comparison of the average residual stresses measured at spallation and 
reactor neutron sources along line D16 (a) Longitudinal (b) Transverse and (c) 
Normal
S p a lla t io n  S o u r c e
R e a c to r  S o u r c e
2 5 0
ICO
5 0
- 5 0
- 1 5 0
-200
- 2 5 0
.1 0 - 2 0 0  -S O  -B D  -7 D  -5D  - 5 0  - 4 0  - 3 0  - 2 0  - 1 0  0  1 0  2 0  3 0  4 0  5 0  5 0  7 0  BD 3D  1 0 0  1 1 0
D istance in m m
(a)
273
S pa lla tion  S o u rce
R e a c to r  S o u r c e
TO 200  
O.
5  ISO
200m(A«u
0
.00
.0
-200
-110-100-30 -BG -70 -60 -SO -40 -30 -2D -ID 0 10 20  3D 40 SO 60 70 80 90 2D0 110
D istance in m m
(b)
500
4b0
TO
Q_
i/)tn<u
to
-300
S p a lla t io n  S o u r c e
400
“- R e a c t o r  S o u r c e
2 0 0
0
-50
-200
-250
-110-100-90 -80 -70 -60 -SO -40 -3D -20 -ID 0 lO 20  3D 4D 50 60 70 80 90 2D0 11D
D istance in m m
(c)
274
Figure 7.5 Schematic diagram showing stress-strain curves near HAZ of three pass 
w eld63
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Figure 7.6 (a) Schematic diagram of effective stress and back stress 93 (b) Effective 
stress and back stress on cyclic stress-strain loops.
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Figure 7.7 Comparison of EBSD metrics yield stress (accuracy of ±20MPa) with von
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C h a p t e r  8 .  C o n c l u s i o n s  a n d  F u r t h e r  W o r k
This chapter draws conclusions from the investigations reported in this thesis and 
recommends further work. The project has researched the residual stress distribution and 
accumulated plastic strain in a benchmark welded AISI316L(N) austenitic stainless steel 
plate and studied the strain hardening behaviour of the plate material under symmetric 
and asymmetric cyclic loading, with different strain ranges and strain rates.
8.1 Conclusions
In the first part of this study (Chapter 4), the residual stress distribution in a three-pass 
welded austenitic stainless steel plate was measured using neutron diffractometers at two 
spallation sources (VULCAN at SNS and ENGIN-X at the ISIS Facility). The objective 
of this work is to identify all the issues affecting the reliability of residual stress 
characterization in the NeT-TG4 weldment. The following conclusions were reached: 
M aterial Issues
1. According to the neutron diffraction standards and recommendations 135 by 
Webster, stress free cuboids should be extracted from the original sample or an identical 
sample. This is to minimize additional uncertainties developing due to using the wrong 
stress free lattice parameter in residual stress evaluation. However, the stress cuboids 
extracted from the weld trial plate 2-IB may not be identical to the analysed three pass 
benchmark plate.
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Experimental Issues
2. One of the potential issues contributing in systematic difference in measured 
residual stress is due to large difference in measured lattice parameter between Bank 2 of 
ENGIN-X and VULCAN. This differences is possibly associated with the one of the 
detector components. Further investigation is required to identify, whether the cause of 
this problem is due to some technical issues associated with instrument detector or 
something else.
3. In addition to the measured lattice parameter variation, another main contribution 
to generating pseudo strains is due to the presence of crevices, super glue and misfit 
between the individual elements of the stress free cuboid. This leads to significant 
difference in the measured residual stress.
Residual stress measurements
4. The highest tensile stresses were observed in the first pass weld metal (line D5) 
and the heat-affected zone (line BD) at a magnitude of 400- 450 MPa.
5. The residual stress analysis was performed at different depths of the welded 
benchmark plate with respect to weld bead at VULCAN and ENGIN-X neutron 
diffractometers. Many of the residual stress results measured at different depths in the 
various sets (i.e. Line BD, D2, D5, D9, D16, B2 and B16) of the welded plate were 
observed to differ within ±100 MPa.
6 . The residual stress measurements results from ENGIN-X and VULCAN neutron 
diffractometers are comparable (±50 MPa) with those measurements carried out by others 
at FRM-II, HZB reactor source diffractometers.
In the second part of this research study (Chapter 5), the isothermal strain hardening 
behaviour of solution annealed 316L material, during symmetric and asymmetric cyclic 
loading, was measured and compared with predicted behaviour based upon a mixed
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hardening model previously used for weld residual stress modelling. The objective of this 
part is to investigate the magnitude of the possible errors arising from ignoring the strain 
rate effects and input parameters which are evaluated from symmetric (tensile- 
compressive) cyclic deformation testing for mixed hardening model. The following 
conclusions were made:
7. The strain hardening of the solution annealed 316L(N) base plate material varied 
according to whether symmetric or asymmetric cyclic loading was applied. Asymmetric 
cyclic loading introduced, 50 MPa less strain hardening at room and high temperature 
respectively than symmetric cyclic loading. As asymmetric cyclic loading more closely 
represents material deformation around welds, it is recommended that the mixed 
hardening parameters for weld residual stress hardening models should be derived from 
asymmetric cyclic loading rather symmetric cyclic loading data.
8 . The strain rate of cyclic tests was found to affect the yield stress and rate of 
hardening (50MPa at room and high temperature respectively) and therefore should be 
accounted for in deriving mixed hardening parameters for weld residual stress hardening 
models.
9. A mixed hardening model has previously been used for predicting residual 
stresses in the NeT TG4 benchmark weldment. In the present work (Chapter 5), the same 
reproduced model under predicted the measured cyclic strain-stress loops at high 
temperature (by 65MPa). Therefore, there is a need to develop improved models based 
upon more representative thermo-mechanical fatigue test data.
In the final part of this thesis (Chapter 6 ), the accumulation of plastic strain in parent 
material surrounding single pass, two pass and three pass welds was investigated using 
EBSD metrics and hardness mapping. In addition, the accumulated plastic strain 
following symmetric and asymmetric cyclic loading was studied, at different strain ranges
279
and strain rates, at both room and high temperature. The objective, of this study is to 
demonstrate whether EBSD can quantify accumulated plastic strain resulting from one, 
two and three pass weld deposits in 316L(N) steel using different EBSD metrics. The 
following conclusions were reached from these experimental studies:
10. Different EBSD metrics (KAM, LABf and AMISa) showed a similar trend of 
increasing plastic strain from the bottom of the plate to the weld fusion boundary but of 
different magnitudes.
11. Results from the AMISa metric and hardness measurements were in good 
agreement with each other and could be used to validate finite element plastic strain 
predictions in weld residual stress simulations.
12. The assessment of accumulated plastic strain due to symmetric and asymmetric 
cyclic loading was analysed using the EBSD metrics KAM, LABf and AMISa. The 
results show that the KAM and LABf metrics are insensitive to the accumulated plastic 
strain at the end of each cycle under both room and high temperature cyclic loading. 
AMISa metric was unable to assess the accumulated cyclic plastic strain up to 36%. 
However, after 36% accumulated cyclic plastic strain, the AMISa metric showed the 
accumulated misorientati on.
13. EBSD can quantify the accumulated plastic strain around welds using the AMISa 
metric but not with KAM or LABf metric.
8.2 Suggested future work
This research project has identified issues affecting the reliability of residual stress 
distribution results from neutron diffraction experiments. However, some key questions 
require further research. For example, from the literature review 140>l41»151j it was clearly 
evident that the extraction of, and the geometry of, the ‘stress free’ lattice sample, has
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some significant consequence in determining the reliability of residual stress 
measurements. Therefore, further research is required to understand the influence that the 
geometry of stress free samples has in determining the residual stress.
Due to limitations in the supply of material, the accumulated plastic strain in the weld 
itself metal was not quantified in this project. The deformation of the grains, the grain 
size and the texture of weld metal is different from the base metal. In order to quantify 
the accumulated plastic strain, a misorientation calibration curve evaluated from the weld 
sample, at high temperature, is required.
In the real world, most of the time austenitic stainless steel, and other metals, undergo 
asymmetric cyclic loading during service. For example, pipelines on the seabed undergo 
complex asymmetric deformation, due to changes in environmental conditions. Similarly, 
component materials , in power plants undergo asymmetric cyclic deformation due to 
fluctuations in energy demands and environmental changes. For the first time, this 
research study has investigated material strain hardening behavior during asymmetric 
cyclic loading, at different strain ranges and strain rates, as well as providing an 
assessment of accumulated plastic strain using EBSD and hardness testing. However, 
dislocation structures and their role during asymmetric cyclic loading, was not analysed 
using TEM. TEM examination would give the enhanced knowledge of dislocation 
structure, fatigue life, fatigue crack propagation, etc., and will give better understanding 
of materia] behaviour at different strain ranges and strain rates.
This project has analysed strain hardening of 316L material during asymmetric cyclic 
loading, under strain controlled conditions. It would be interesting to extend this study to 
understand the behaviour of materials during strain controlled ratcheting, and include an 
analysis of dislocation structure, fatigue life, microstructure changes and crack 
propagation.
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F.gure A.3.1 Chemical analysis certificate for A1SI316L (N) base material
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Figure A.3.2 Heat Treatment Certificate for AISI 316L (N) base material
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Figure A.3.3 Micrographic examination certificate for AISI316L (N) base material
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Figure A.3.4 Mechanical test certificate for AISI 316L(N) base material
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Figure A.6.1 (a) Measured KAM vs true strain and (b) KAM vs How stress at 25°C
and550°C
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Figure A.6.2 (a) Measured LABf vs true strain and (b) LABf vs flow stress at 25°C
and 550°C
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